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Abstract
The automotive community has long dealt with concerns over the environmental impact 
of personal transportation methods. Such concerns, coupled with political concerns such 
as gasoline prices, and increasing dependence on foreign oil has increased the research 
effort into alternative concepts for vehicle powertrains. One of the most prominent tech­
nologies is the hybrid electric vehicle (HEV). Many HEVs employ both an internal com­
bustion engine and an electric motor. The goal is to provide lower emissions, while 
obtaining superior fuel economy and performance.
The objective of this thesis is to explore the use of game-theoretic principles in the imple­
mentation of supervisory control of a Hybrid Electric Vehicle (HEV). The work consists 
of two projects; the first deals with design of the controller itself, and the second, is mod­
elling several test environments to test and redesign our controller in an iterative marmer.
The simulation environment used is MATLAB/Simulink, a Mathworks product. Vehicle 
dynamics are modeled using CarSim (a Mechanical Simulation Corporation product). 
Real-time performance of the supervisory control algorithm is verified using RT-Lab (an 
Opal-RT product). One of the benchmark tools in HEV research, ADVISOR (also MAT- 
LAB based), is referenced as a means of double-checking the consistency of simulation 
results using our customized test environment.
Simulation results using the Game-Theoretic Supervisory controller are compared with 
more conventional, benchmark approaches. Furthermore, a study of controller optimiza­
tion is presented, as well as simulation results under many drive cycles. Additionally, 
HEV testing methods are investigated. Complex, comprehensive modeling is compared 
to simplified, analytical modeling of vehicle powertrains in terms of practical utility and 
accuracy.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Acknowledgments
I would like to recognize a number o f people who have contributed to the 
completion of this thesis, primarily my family, mentors, and colleagues.
More than anyone else, I would like to thank my supervisor. Dr. Xiang Chen. 
His patience and guidance made the completion o f this project possible. His 
confidence and enthusiasm towards my research area have had a marked 
impact on me academically and professionally, for that I am very grateful. 
Dr. Chen granting me the opportunity to share my findings at the American 
Controls Conference in Denver was certainly a highlight in my graduate stud­
ies.
I am also in debt to the University o f Windsor’s Electrical and Computer 
Engineering Faculty as a whole. Dr. W. C. Miller, Dr. M. A. Sid-Ahmed, 
and Dr. M. A. Ahmadi have often provided me with encouragement, guid­
ance and direction, allowing me to benefit from their unique experience and 
knowledge. I would like to thank my committee members. Dr. David Ting 
and Dr. Behnam Shahrrava for their patience, and thoughtful questions dur­
ing my seminars - It helped make this a better project.
Additionally, I have to credit my family and friends for their support and 
encouragement through the often difficult and hectic schedule they have 
helped me navigate through. I lastly, but greatly thank my parents James and 
Bernadette for being endlessly supportive and encouraging throughout my 
academic career.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table of Contents
ABSTRACT...........................................................................................................iv
ACKNOWLEDGEMENTS...................................................................................v
LIST OF FIGURES............................................................................................viii
LIST OF ABBREVIATIONS.............................................................................. ix
Chapter 1 Introduction to Hybrid Electric Vehicles........................................... 1
1.1 Motivation.................................................................................................. 2
1.2 Hybrid Electric Vehicle System Dynamics.............................................. 2
1.3 Vehicle Modeling Trends...........................................................................7
1.4 Basic Game-Theoretic Principles..............................................................9
1.4.1 Zero Sum games vs. General Sum games........................... 10
1.4.2 Co-operative games vs. Nonco-operative games................10
1.5 Thesis Outline.......................................................................................... 10
Chapter 2 Vehicle Modeling and Rapid Control Prototyping........................... 11
2.1 HEV Modeling Environment....................................................................II
2.1.1 Vehicle Dynamics Modeling............................................... 14
2.1.2 Powertrain Component Modeling........................................15
2.1.3 Emissions and Performance Modeling............................... 22
Chapter 3 HEV Powertrain Supervisory Controller Design..............................25
3.1 Controller Hierarchy..................................................................................25
3.1 The “Game based” Energy Management Unit........................................ 26
3.3 Controller Design...................................................................................... 28
VI
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
University ofW indsor
Chapter 4 Simulation Results and Benchmarking................................................31
4.1 Test Specifications.................................................................................... 31
4.2 ADVISOR Results and Benchmarking................................................... 34
4.3 CarSim/Simulink Results with GM U......................................................36
4.4 Performance Comparison.........................................................................38
4.5 Runtime Results........................................................................................ 38
Chapter 5 Conclusions............................................................................................. 40
5.1 Summary of Contrihutions........................................................................41
5.2 Recommendations for further study........................................................41
REFERENCES.................................................................................................................42
Appendix A - Parametrized HEV Models.................................................................... 47
Vita Auctoris....................................................................................................................69
Vll
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
List of Figures
Figure 1.1 A Parallel HEV Topology................................................................................ 4
Figure 1.2 A Series HEV Topology.................................................................................. 6
Figure 2.1 (a) ADVISOR dataflow properties
(b) CarSim based environment dataflow......................................................12
Figure 2.2 Example CarSim specified throttle profile................................................... 13
Figure 2.3 Torque Profile generated by MATLAB based CarSim model (from throttle
in Fig. 2.2)....................................................................................................... 14
Figure 2.4 Vehicle mechanical constraints specified in (a) ADVISOR, (b) CarSim.. 15
Figure 2.5 Battery Charging / Discharging properties, from experimental data.......... 16
Figure 2.6 Complete NiMH Battery Model Block Diagram.......................................... 17
Figure 2.7 Simplified circuit diagram of NiMH Battery................................................ 18
Figure 2.8 Battery Model Current Computation.............................................................18
Figure 2.9 Example Internal Combustion Engine Model (Top Level).........................20
Figure 3.1 Topology of Parallel HEV example using Supervisory Controller............27
Figure 3.2 Powertrain States as defined by GMU.......................................................... 28
Figure 4.1 Manhattan Bus Drive Cycle........................................................................... 32
Figure 4.2 Federal Test Procedure Drive Cycle..............................................................33
Figure 4.3 Urban Drive Cycle.......................................................................................... 33
Figure 4.4 ADVISOR Test Results for Manhattan Bus Drive Cycle............................34
Figure 4.5 ADVISOR Test Results for Federal Test Procedure................................... 35
Figure 4.6 ADVISOR Test Results fo r........................................................................... 36
Figure 4.7 State Transition output from GMU model.................................................... 37
Figure 4.8 Transmission output torque for equivalent runs in CarSim (top) and
ADVISOR (bottom).......................................................................................38
Figure 4.9 Simulation info from diagnostics block. Step Size (yellow), computation
time (purple).................................................................................................. 39
vm
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
List of Abbreviations
AFV Alternative Fuel Vehicle
ATF Alternate Transportation fuel
CAA Clean Air Act o f1963 (U.S.)
CAAA Clean Air Act Amendments o f1990 (U.S.)
CAFE Corporate average fuel economy
GARB California Air Resources Board
CFV Clean Fuel Vehicle
CNG Compressed Natural Gas
CNGVA Canadian Natural Gas Vehicle Alliance
CO Carbon Monoxide
ECM Electronic Control Module
ECU Electronic Control Unit
EOL End o f  line (Vehicle testing)
EV Electric Vehicle
FEM Finite Element Method (For Component Modeling)
GMU Game-based Management Unit
GVW Gross Vehicle Weight
HC Hydrocarbon
HEV Hybrid Electric Vehicle
HOY High Occupancy Vehicle
HP Horsepower
ISO International Standard Organization
kW Kilowatt
kWh Kilowatt Hour
IX
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
University ofW indsor
LEV Low emission Vehicle
MPG Miles per Gallon
NGV Natural Gas Vehicle
NOx Nitrogen Oxide
RT Real-time
SAE Society o f Automotive Engineers
S02 Sulfur Dioxide
ZEV Zero Emission Vehicle
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Chapter 1
Introduction to Hybrid 
Electric Vehicles
The pollution problems associated with internal combustion 
engines (ICE) have been a focus of public interest for a long time. 
The Clean Air Act in California is an excellent example of how 
these concerns have forced the development of alternative 
transportation systems. Electric cars (zero emission vehicles) have 
been thought of as a natural alternative to ICE powered cars. The 
primary obstacle for the electric vehicles to become a success is 
their operating range. This problem is even more prominent in a 
large vehicle such as a bus, which cannot possibly carry the amount 
of batteries that is needed for their normal operation. Despite the 
fact that enormous costs have been devoted to battery research, 
energy storage capacity is still a considerable obstacle.
Interests in hybrid electric vehicles (HEVs) originate from these 
general concerns about emission pollution and fuel efficiency that 
are associated with the conventional gasoline or diesel powered 
vehicles, as well as the feasibility issues surrounding the pure 
electric vehicle. As an alternative solution, a hybrid powertrain has 
been proposed and developed [1,2,4]. The principle is to leverage 
the benefits of ICE and EV, while mitigating their shortcomings.
Introduction to Hybrid Electric Vehicles
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1.1 Motivation
The design of hybrid vehicle powertrains are often explored without considering operation 
and control. Control of the powerflow should be affected by the design of the system such 
as size of battery, zero emission operating range, total energy efficiency, and how much 
the batteries should be charged and discharged. In this thesis, the interaction between 
system design and controller design has been thoroughly considered.
In formulating the control as a game-theoretic problem, there exists a new approach to 
find the best possible control strategy for the HEV system. Many assumptions and 
generalizations have to be made about the system in order to have a flexible, 
parameterized test environment for the control strategy. The controller is defined by 
design constraints such as emission limits, minimization of fuel consumption, and battery 
state of charge limitations.
The primary focus on development of a supervisory controller that can be demonstrated 
on several vehicle types, involves creating a flexible simulation environment in Simulink. 
As such, high fidelity models have been excluded from the research. There are several 
reasons to use output correlated, parameterized models rather than more complex models:
High Fidelity models could take many man-years to create and verify for each compo­
nent, or are very expensive to purchase.
High Fidelity models have higher processing times, and as such could not be used in a 
Hardware-in-the-loop, Real-time test environment without significant reductions in 
their complexity.
Simplified Models are more generic, and modifiable. Making changes to test the con­
troller is more intuitive. A simplified model is more portable to various testing and 
simulation environments.
1.2 Hybrid Electric Vehicle System Dynamics
Hybrid electric vehicles are powered by at least two energy sources. Often, these sources 
are a battery powered electric motor (EM) and an internal combustion engine. Recent
Introduction to Hybrid Electric Vehicles Motivation 2
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literatures on HEV have placed great emphasis on the importance of the control strategy 
and related elements used to monitor the powertrain system[l,2,4,5,6]. In this thesis, a 
new control strategy is developed and tested for various HEV topologies and scenarios, 
based on the ideas from game-theoretic control approach [3,7,8]. The focus of this thesis 
is on the energy management and control to co-ordinate the sharing of the transportation 
task between two different power sources. This strategy has a pronounced effect on the 
performance of the vehicle powertrain, in terms of fuel consumption and torque delivery. 
Making appropriate amendments to this strategy, it is shovm that the approach can be 
effective across a broad scope of HEV topologies.
Complex control problems necessitate the use of formal mathematical tools in their 
implementation. While previous work has applied fuzzy logic, hybrid dynamical system 
theory, and several other rule-based methods to control strategies, the control solution in 
this thesis is based on some concepts in “game theory”. In this case, the game ‘players’ 
would be the individual power sources, such as EM and ICE, and the ‘strategies’ of 
players would be their alternating states. The objective of the players is to maximize their 
payoff, where the payoff is a function of the powertrain efficiency. The proposed method 
is validated by offline simulation results in this paper. Game-theoretic methods are 
introduced in Section 1.4.
There are several topologies currently being explored for HEV powertrain. In this thesis, 
simulation results focus on a parallel single shaft arrangement, as shown in Figure 1.1. 
The components in this powertrain operate concurrently and are to be controlled by a core 
control system. Before the control strategy can be explored, it is necessary to define the 
goveming mechanical relationships that are present in this system. To completely define 
the operating point of the powertrain in question, the value of three free variables are 
required[6]
These three variables are:
Tgi Torque from electric motor 
Tj^ -gi Torque from IC engine 
k: Gear number
Introduction to Hybrid Electric Vehicles Hybrid Electric Vehicle System Dynamics
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Figure 1.1 A Parallel HEV Topology
In fact, using equations (1.1) and (1.2), it can be seen that only two of the three variables 
are independent when defining the system’s current state, as any of the three variables can 
be expressed as a function of the other two.
(t) R(k] Rik)p
( I .  I )  
(1.2)
Where:
t = sample time (s)
(Ow = speed of the wheels (revolution /s)
ice = speed of ICE
cOg = speed of EM 
k = gear number
R(k) = reduction ratio in terms of k 
= torque at the wheels (Nm)
Tice ^  torque of ICE
Tg = torque of EM
"Hgb ^  efficiency of gearbox
Pg = efficiency of EM redactor (coupling)
Introduction to Hybrid Electric Vehicles Hybrid Electric Vehicle System Dynamics
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r ^  constant reduction ratio at EM redactor
It must be noted that r is a constant ratio calculated such that both engine and motor 
achieve their maximum speed simultaneously. Additionally, the gear number, at any given 
time, is taking values from an admissible set, typically, (1,2,3,4,5, . . . ). During sim­
ulation, Ww(t) can be given by a ‘driving cycle’, and then Tw(t) is calculated using the 
vehicle’s software model (or equation 1.2). MATLAB/Simulink models can mimic the 
mechanical behavior described for varying system specifications. In additional to the 
mechanical system, the battery is another dynamic systems that requires accurate 
modeling. The battery’s charging/discharging rates, and other parameters will have an 
important effect on the capabilities and the control of the powertrain as a whole. The state 
of charge (SOC) x(t) of a battery can be expressed in equation 1.3. [6]:
;r(l f 1)  ^ :r(t) t %{t))A (1.3)
Where:
x(t) = State of Charge (%) of the battery 
Pe = Power at battery level (W )
Acc = Battery charge acceptance rate 
A = Sampling period (s)
In a series hybrid vehicle the car is powered by an electric motor, connected to batteries, 
charged by an ICE. The ICE will be operated only at favourable operating points, both 
with respect to the emissions and the fuel economy. Its size does not need to reach the 
peak power required of the system. The hybrid design can solve the problem of the 
operating range as well as that of the emission. The overall problem to be solved is the 
total cost and efficiency, since the system includes both an ICE, batteries and an electric 
motor, together with power electronics and control equipment. One Series Layout is 
shown in Figure 1.2.
introduction to Hybrid Electric Vehicles Hybrid Electric Vehicle System Dynamics
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Figure 1.2 A Series HEV Topology
Other energy sources under consideration for hybrid vehicles today are: gas turbines, fuel 
cells, ultra capacitors and pressure accumulators. Even electric-electric hybrids could be 
considered, these vehicles have ordinary batteries to provide the base energy and ultra 
capacitors for the power peaks.
Hybrid vehicles are inherently more complicated and expensive than conventional 
vehicles. The reason for developing them is that it is possible to make them, in some 
aspect, better than conventional vehicles. Other considerations are that the vehicles should 
be as easy to handle as conventional vehicles and that they don't require a whole new 
infrastructure for fuel distribution. The series hybrid is easiest described as a pure electric 
vehicle fitted with onboard electricity generation. Merits of this configuration are that 
placement of the components might be easier as there are no mechanical couplings. This 
allows the system to be operated at maximum efficiency at all powers. Drawbacks are that 
they need several electric machines and becomes heavier vehicles. The machine 
connected to the wheels must also be able to deliver the maximal power that is needed. 
Series hybrids are considered most suitable for heavier vehicles like city busses or small 
cargo trucks.
Introduction to Hybrid Electric Vehicles Hybrid Electric Vehicle System Dynamics
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The parallel is best described as a conventional vehicle fitted with an extra electric 
machine. Advantages with this configuration are that neither of the machines have to 
provide the maximal output power alone. One drawback is that some kind of mechanical 
power-split device is needed, with at least one automatic operated clutch. Parallel hybrids 
are considered well suited for normal cars. A practical example of a parallel hybrid in 
current use is Honda’s Hybrid Civic.
The series-parallel topology is as the name suggests a combination of a series and a 
parallel hybrid. This type of hybrids have several possible ways to route the power to 
obtain satisfactory efficiency and drivability.
1.3 Vehicle Modeling Trends
Simulation can be a powerful tool for shortening product development cycles and 
reducing development cost. This is especially true in the vehicle industry where there are 
strong competitive pressures to bring new vehicles to market in shorter times in order to 
respond more quickly to customer needs. This also extends to the development of military, 
agricultural, and construction vehicles, where many benefits can be realized by 
manufacturers and users in shortening development cycle times. With the continued 
development of faster computer CPU processing speeds as well as multiple processors on 
computers and workstations, simulation fidelity, accuracy, and user friendliness can be 
considerably improved. Along with advancements in computer technology have come 
improvements in various software simulation packages, as well as progress in bridging the 
gap between simulation and hardware implementation. DSP-based (digital signal 
processing) rapid prototyping technology is providing new ways for shortening 
development time, especially in the area of control engineering. Computational fluid 
dynamics (CFD) and finite element method (FEM) software and technology are 
developing rapidly so that detailed simulations of complex mechanisms, structures, and 
processes can be simulated with considerable accuracy. While these advances do not 
replace conventional testing entirely, they do allow design engineers to explore options 
early in the design phase at a much lower cost than if the development was carried out in
Introduction to Hybrid Electric Vehicles Vehicle M odeling Trends 7
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vehicle. As such, tests on a complete vehicle can be delayed until end-of-line (EOL) 
testing, which is the final stage before a product is launched.
Models of vehicle systems have been used for many years by automobile manufacturers as 
a tool to estimate fuel economy and performance. Examples of vehicle system models 
include GPSIM and DRIVESIM at General Motors Corporation, DYNMOD at Ford 
Motor Company. AMESim, Gamma Technologies, Motionview, and ADAMS are 
examples of high fidelity modeling, while tools such as CarSim provide more simplified 
models of mechanical dynamics of vehicles. Programs of this type allow a broad spectrum 
of users to access these programs and acquire knowledge of general vehicle performance 
data in a relatively short time and at a low cost without the difficulties of performing 
actual vehicle tests. In recent years, these and other similar programs have been refined to 
improve their fidelity and aceuraey. More detailed CFD models have been included to 
provide predictions of air flow aroimd and under the hood of the simulated vehicles, as 
well as for cooling flows.
In addition to serving as part of a larger vehicle model for the purpose of obtaining general 
vehicle performance data at a lower cost and in less time, powertrain system models can 
be used for other purposes as well. They can he used as design tools to assist the design 
engineer in understanding and making decisions relative to the effect components have on 
the steady-state and transient behavior of the overall powertrain and vehicle system. They 
can also be used for powertrain control system design. If the models have sufficient 
flexibility and fidelity, the design engineer can try out various options and simulate the 
system performance with these changes. By using this approach, the engineer can at the 
very least understand the general trends of proposed changes and ideally be able to 
quantify some of the effect of changes on the system and its performance.
Powertrain system models can also be used in hardware-in-the-loop development, 
depending on the complexity, and as a result, runtime. An example is the development of 
an electronic control module for a powertrain component. A common approach [12] may 
be to run the control module hardware in real time with a computer simulation or model of
Introduction to Hybrid Electric Vehicles Vehicle Modeling Trends 8
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the component. With this method, where the control module hardware is actually used in a 
loop with the component simulation, the high cost of test cell experimentation using the 
component is avoided, but all of the details of the control module are included because the 
actual control module hardware is being tested. This method also allows controller 
development before the vehicle’s mechanical system has been developed.
Another use of powertrain system models is in vehicle simulators. These are also 
hardware-in-the-loop systems, where the operator and the surrounding driver’s cabin 
comprise the "hardware", and powertrain, vehicle, and road loads are synthesized in real 
time by computer models. Actuation is typically accomplished by means of a motion 
platform similar to those used in airplane flight simulators. These systems are used to 
assess driver reaction to various road conditions and situations in order to recommend 
improvements to either vehicles or highway configuration in order to lower accident and 
fatality rates on highways. In the previous case of testing a control module, the user is 
gaining knowledge about the control module (the hardware). The same is true with the 
vehicle simulator where the user is gaining information about the driver’s response (the 
hardware).
In any engineering discipline, there exist variations between modeled characteristics and 
“real world” characteristics. Typically, if a modeler has done a good job, the model 
captures the low frequency spectrum of a component’s or system’s input/output behavior. 
The experimentalist plays a crucial role in this process by providing data that allows the 
model to be tuned or validated so that the results obtained are reasonably accurate. As a 
result, it is important to recognize the limits of a model in use, and utilize it only within 
it’s valid modes of operation.
1.4 Basic Game-Theoretic Principles
Game theory is a distinct and interdisciplinary approach to the study of human behavior. 
The disciplines most often involved in game theory are mathematics, economics and the 
other social and behavioral sciences. Game theory was founded by mathematician John
Introduction to Hybrid Electric Vehicles Basic Game-Theoretic Principles 9
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von Neumann[33]. Recent research has leveraged Game Theory in Engineering areas 
including: Network Control, Traffic Control, and Shop floor Control. Game Theory can 
be used for the particular application of Hybrid Electric Vehicle Powertrain Control. 
More detailed accounts of this diverse field can be found in [7,8,18,19, 33].
1.4.1 Zero Sum games vs. General Sum games
A 2-player game can be defined as a zero sum game, or a normal sum game. In Game 
theory, the concept of payoff is utilized such that making a decision results in a payoff for 
each player. In a zero-sum game, one players gain equals the other players loss. 
Intuitively, a general sum game doesn’t have this criteria. Therefore there are potentially 
decisions that can benefit both players. This research focused on General Sum games, as 
this was hypothesized most applicable for HEV Powertrain control.
1.4.2 Co-operative games vs. Noncooperative games
Another game definition is the concept of whether it is cooperative or non-cooperative. In 
a non-cooperative game, the two players do not negotiate (or share information, in more 
impersonal terms). But there are at least two: a "non-cooperative" solution in which each 
person maximizes his or her own rewards regardless of the results for others, and a 
"cooperative" solution in which the strategies of the participants are coordinated so as to 
attain the best result for the whole group. The concept “best for the whole group" would 
he indeterminate without quantifiable, predefined payoffs.
1.5 Thesis Outline
Vehicle Modeling for Rapid Control Prototyping is explored in Chapter 2. Game-theoretic 
Controller Design is treated in Chapter 3. Simulation Results are given in Chapter 4, and 
Chapter 5 consists of Conclusions and Recommendations for future study. Appendix A 
provides auxiliary simulation results.
Introduction to Hybrid Electric Vehicles Thesis Outline 10
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Chapter 2
Vehicle Modeling and 
Rapid Control 
Prototyping
Using vehicle component models is essential to rapid control 
prototyping in automotive applications. A design focused on new 
controller architecture requires a test environment capable of 
recording results and unbiased comparison with existing 
architectures. This chapter focuses on the modeled environment 
that will be used to evaluate the game-theoretic controller.
2.1 HEV Modeling Environment
The benchmark, established tool for HEV simulation is ADVISOR 
(Advanced Vehicle Simulator). The models developed in 
ADVISOR are lookup table based, and result from correlation to 
dynamometer and road tests performed by the NREL (National 
Renewable Energy Laboratory)[35]. Although ADVISOR 
provides access to numerous vehicle parameters, as detailed in 
Appendix A, the introduction of a new control hierarchy requires 
the use of more flexible, open models. ADVISOR is admittedly an 
analysis tool, rather than a design tool. [36] For the purpose of this 
thesis, ADVISOR is used to make comparisons of established HEV 
control to the new game-theoretic controller used in comparable 
vehicle and environment.
Vehicle Modeling and Rapid Control Prototyping HEV Modeling Environment 11
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The data flow structure in Advisor, as well as the comparable structure in the custom 
environment developed in this thesis are compared in figure 2.1.
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Figure 2.1 (a) ADVISOR dataflow properties (b) CarSim based environment
dataflow
In the ADVISOR environment, note that most blocks have two inputs and two outputs. 
Each block passes and transforms a torque and speed request, and each block also passes 
an achievable or actual torque and speed. In the custom environment, CarSim allows the 
user to enter a “throttle profile” as the input. Thus, to compare to the ADVISOR drive 
cycle consistently, the “actual torque” captured in ADVISOR must match the torque 
output in the custom environment. This is easily verifiable, as both CarSIM and 
ADVISOR allow the engineer to view plots of all relevant waveforms.
In figure 2.1a, the top arrows, feeding left-to-right, are the torque and speed requests. The 
drive cycle requests or requires a given speed. Each block between the driving cycle and 
the torque provider, in this case the ICE, then computes its required input given its 
required output. It does this by applying losses, speed reductions or multiplications, and its 
performance limits. At the end of the line, the ‘ICE fuel converter’ uses its required torque
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output and speed to determine how much torque it can actually deliver and its maximum 
speed. Then passing information back to the left, each component determines its actual 
output given its actual input, using losses computed during the ‘input requirement’ pass 
described above. Finally, the vehicle block computes the vehicle's actual speed given the 
tractive force and speed limit it receives, and uses this speed to compute acceleration for 
the next time step.
Rather than iterate through levels of torque requests and ‘torque available’ calculations as 
in ADVISOR, the CarSim environment uses throttle rather than speed as it’s input. Figure
2.2 and 2.3 show a simple throttle profile, and the resulting torque profile generated by 
CarSim’s vehicle model.
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Figure 2.2 Example CarSim specified throttle profile
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Figure 2.3 Torque profile generated by MATLAB based CarSim model (from
throttle in Fig. 2.2)
CarSim’s comprehensive vehicle models allow the user to specify parameters of their 
generic models, or provide and incorporate their own models (most often for powertrain 
elements.
2.1.1 Vehicle Dynamics Modeling
Setting the CarSim vehicle’s mechanical parameters to be equal to the benchmark 
environment is a prerequisite to having meaningful simulations. Design focus being on 
the powertrain elements, the CarSim default models have been used throughout 
simulations. These default models allow parameters to be adjusted in the CarSim GUI. 
CarSim vs. ADVISOR comparison of vehicle dynamics properties is shown in figure 2.4.
Vehicle Modeling and Rapid Control Prototyping HEV Modeling Environment 14
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
University ofW indsor
HW,__
CU«i/TaQCe^
m m o tn fs r}  0
aprungmMi: { MO hg
RoHnM»d«f WO l«iiiSRtahinMfoAf^ViwitMrtaf^
PmkNitlM^I
116U Ke^nZ 
hp4r£ ko^noduoKM: ItMfto m i  radU* d  ovnlon M  nUMf by tM«qiMlan;{-lirFm
(a) (b)
Figure 2.4 Vehicle mechanical constraints specified in (a) ADVISOR (b) CarSim
The detailed vehicle dynamics model is outlined in Appendix A. In the CarSim based 
environment, new powertrain elements can be substituded for the generic, simplified 
powertrain models included with the CarSim suite. This makes the environment ideal for 
comparison with the test results provided by ADVISOR.
2.1.2 Powertrain Component Modeling 
Battery Model
Although several battery models were explored, HEV research and practice has thus far 
focused on Nickel-Metal Hydride (NiMH) battery technology. NiMH batteries are 
promising for hybrid vehicle use, because their high specific energy, high power, long life, 
and almost no poisonous heavy metal [37]. Lead Acid batteries are also being explored 
for use in HEVs. Specifications of different HEV batteries is outlined in Appendbc A. 
Battery models can be created at several degrees of complexity. For HEV powertrain 
control, the most appropriate model predicts battery voltage on the basis of charge or
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discharge current and the State of Charge (SOC) of the battery. This model treats the 
battery as a resistance that varies with the SOC and current.
Factors that affect battery performance include:
-State of charge (SOC) or Depth of Discharge (DOD)
-Battery storage capacity
-Rate of charge/discharge = Specific Power (W/kg)
-Age/shelf life (difficult to model, healthy battery assumed for this research: Typical 
is 15% loss in Specific power over 60 months) (Denoted by State of Health or SOH)
The Battery Model used for the simulations outlined in Chapter 4 is an NiMH battery. An 
example of Charging/discharging contours shown in Figure 2.5.[16]
"j” —-
Figure 2.5 Battery Charging/Discharging properties, from experimental data.
At the top level, the battery model receives a power request, based on Electric Motor (EM) 
operation. An actual power output is given, and the battery voltage, current, and battery 
SOC adjust. The circuit model of the battery is as if it were a perfect open circuit voltage 
(V q c ) source in series with an internal resistance. Power loss in the battery is computed
as I^R losses plus losses due to (in)efficiency. Figure 2.6 shows the complete battery 
subsystem, note that it is a 1 input system, where there is a power request (from Game- 
theoretic controller) input. This input is either positive or negative, depending on whether
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the motor/generator is charging or discharging the battery. The model’s output is the 
power/current delivered (to/from electric motor/generator).
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Figure 2.6 Complete NiMH Battery Model Block Diagram
Vqc ^nd Rj„t are characteristics of the battery, and were set to match ADVISOR models. 
The set of parameters, Vqc and Rj^ ,^ and actual Power are the values used to solve for 
equivalent circuit's current. Rj^  ^is the equivalent resistance of the RC network making up 
the battery model as shown in Figure 2.7. Power calculation amounts to simple 
application of Ohm’s law. The battery current is then used to update the effective SOC of 
the battery. For consistency with ADVISOR, the modelled battery is a 144V NiMH, 
adding 20kg of weight to the vehicle.
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Figure 2.7 Simplified circuit diagram of NiMH Battery
A value for current (in amperes) must be generated by the battery model. Applying 
Kirchoffs Voltage Law(KVL) to figure 2.7 yields power (P) equation 2.1. There are 
actually two solutions for this equation, but the larger solution is not considered because it 
would require larger current, and thus a lower terminal voltage, to produce the same 
power. All solutions that require a terminal (or bus) voltage less than half the battery’s 
open circuit voltage are thus not considered. During charge, the maximum voltage must 
not be exceeded. The block diagram of the current converter is shown in figure 2.8.
.2R i ^ l x I - { V o c x l ) + P  = 0 (2 . 1)
■  ►
. .I .  . 2
-N I-
-t.' •
! mr d
Figure 2.8 Battery Model Current Computation
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Electric Motor Model
I/O characteristics of the Electric Motor (EM) model were dependent on the design of the 
Battery model used. The battery model and Electric Motor model are controlled by the 
Game-theoretic controller (Chapter 3). For the simulations in Chapter 4, a permanent 
magnet DC brushless motor model is used. The motor dynamics assume the form of 
equations 2.2 and 2.3.
X.
5 - A,
2.2
, i . 2.3
P os itive  M o to r Torque:
T„ T„,    'f„, )■1 ,V.' iV‘ ’ AU ''if.' /
N ega tive  M o to r Torque
.,- c   .
- '1.,
where T„j = calculated motor torque
Tm request =torque desired by controller (N.m)
Tm max"^  maximum torque possible at current speed (N.m) 
Tm bat^ maximum torque battery can generate (N.m)
1 efficiency constant (characteristic of motor used, 1/s) 
s = inverse of motor time constant (1/s)
Internal Combustion Engine Model
Although the Internal Combustion Engine (ICE) is an inherently nonlinear system that is 
very difficult to model with high fidelity, [6,23] provided the basis from which to create 
ICE model framework. Simulation results in Chapter 4 were found using the ICE model 
shown in Figure 2.9. The ICE is a l.OL, 35kW model, equivalent to that of ADVISOR’S 
Honda Insight model, which is shown as a benchmark.
The model topology is modified by 1/0 constraints, as the game-theoretic controller will 
be evaluated based on emissions and performance quantities, relative to existing controller 
architectures. As such, the engine model must allow for meaningful calculation of these
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values. They are based respectively on instantaneous vehicle kinematic variables, such as speed 
and acceleration, or on more aggregated modal variables, such as time spent in 
acceleration mode and time spent in cruise mode. These models can be classified into 
emission maps, regression-based models, and load-based models.
The featured engine model is based on other models developed from published 
dynamometer test data [41]. The input to the engine model is the throttle. Internally, the 
control input is the angle of the throttle plate. The air How rate through the throttle body 
is expressed in equations 2.4, and 2.5.
- tT'W niu' into mrSiiil'ohi (c,'si where.
/ f , 2.SJ i  ^It; - 0 . 1njqqbi- -
0  til! (.iMlc cing ic  (dC’g)
manifold ores sure (bar)
(2.4)
(2.5)
raa'
Figure 2.9 Example Internal Combustion Engine Model (Top Level)
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The intake manifold is modeled as a differential equation for the manifold pressure. The 
difference in the incoming and outgoing mass flow rates represent the net rate of change 
of air mass with respect to time, (equation 2.6)
w l m v .
R  =  s p i H ' i f i c  g a s  r o i i s t f H i l  
7 ' ~  it’OH’raui i c  ( K)
14>,'~ Jtianilhkl vcjlunie (in ')
/w =  m ass liow ra te  o f  a ir  o u t o f  the m an ifo ld  (,g/s)
P...J -  i ; u i ’ c f  rlu iiige o f  m a r u f o l d  p r e s s u r e  ( t s a r / s )
The mass flow rate of air into the cylinders is described in equation 2.7. It is an 
empirically derived equation, valid for generic small engine applications. This mass rate 
is a function of the manifold pressure and the engine speed.
ui , = 0 .366  ' n.rfK070:VT.„ 0 ,033^ A / ' /  -  0 .0 0 0 1.-V*/',,, ^2 7)
wfieic.
N = angjru- sjnvii ii'asl/s)
T;;. = manifuld |H'.'\siiir (biii)
The most important element of the engine model, for control design and evaluation, is the 
torque generation, acceleration, and fuel use. This block is completely defined by 
equations 2.8 and 2.9.
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2.1.3 Em issions and Perform ance M odeling
The game-theoretic controller will be evaluated based on the results obtained by the
emissions and performance models. Performance is quantified, for an HEV, in terms of
fuel economy. Fuel economy is easily calculated from any engine model, as it is merely 
an expression of fuel consumption and distance travelled. Accurate emissions modeling 
requires detailed knowledge of combustion characteristics. Since the engine model used 
does not consider fluid dynamics within the engine, it would appear to model emissions 
would be impossible.
Simpler emissions models are based on instantaneous vehicle kinematic variables, such as 
speed and acceleration, or on more aggregated modal variables, such as time spent in 
acceleration mode and time spent at constant speed. [3 8,3 9] Vehicle parameters such as 
weight are also considered by some emissions models [40].
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Generic Emissions modeling
Let / denote one of the emission types of interest (i= CO, HC, NOx). Let Ej denote 
emission rate for type i (g/s). Eij is the emission index for type i, and Fc is the fuel 
consumption rate (g/s). The relationship of these variables is outlined in equation 2.9.
Ei = E,*Fc (2.9)
When the engine power is zero, the fuel rate is equal to a typically small constant value. 
Otherwise, fuel consumption is mainly dependent on the engine speed and engine power. 
This is modeled as follows in equation 2.10.
c
K - N - V  + — \ i f P > { )  (2 10)
I ^ ) '
K . , . - N . , - V   ^ i f
where:
F(, : fuel consumption rate (g/s)
(|): fuel-to-air equivalence ratio, which is the ratio of the actual fuel-to-air mass 
ratio to the stoichiometric fuel-to-air mass ratio. When (j) = 1, the mixture is 
stoichiometric. When (j»l, the mixture is rich. When c|)<l, the mixture is lean.
K : engine friction factor (kJ/rev/liter)
N : engine speed (rev/s)
V : engine displacement (liters)
Kyie : constant idle engine friction factor (kJ/rev/liter)
Njdie • constant idle engine speed (rev /s)
P : engine power output (kW)
The fuel-to-air equivalence ratio f  can be modeled for enleanment, stoichiometric, and 
enrichment conditions. When engine power is equal to zero, the mixture becomes lean.
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due to fuel shut-off. Under normal operating conditions, the ratio is modeled in terms of 
engine power and torque only.
Each emission type has unique behaviour. CO is sensitive to f. Under rich operation, the 
combustion is not complete due to lack of oxygen. Much of the carbon present is partially 
oxidized to CO rather than the principal product CO2. HC is a product of incomplete 
combustion, and is usually proportional to Fg. Under lean operation, HC emissions are 
higher, particularly during long deceleration events[39]. NO^ emissions are mainly 
dependent on combustion temperature. In lean conditions, excess oxygen also facilitates 
NO formation.
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Chapter 3
HEV Powertrain 
Supervisory Controller 
Design
The essential modeling environment with which to surround a new 
supervisory control strategy has been introduced in Chapter 2. The 
supervisory control method that has been developed in this research 
uses game-theoretic principles to manage torque sharing between 
the Internal Combustion Engine (ICE) and Electric Motor (EM). 
Using payoff matrices generated for each player, and modeling the 
HEV Powertrain as a finite state machine - A game controller can 
be used as a supervisory level energy management unit, as 
demonstrated in Fig. 3.1.
3.1 Controller Hierarchy
The interaction between discrete and continuous components can 
cause difficulties in controller design. A controller issuing discrete 
commands that are incompatible with the state of a continuous 
system could cause catastrophic results [7]. One solution is to 
generate continuous controllers and consistent discrete ab­
stractions for the closed loop system. Using a hierarchical structure 
that utilizes a centralized information sharing system. This structure 
avoids myopic decisions[3] The top level of this hierarchy is the 
management/supervision, while utilizing conventional controllers
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at the lower level. Therefore the controller structure is divided into only two levels: 
supervision and execution.
The supervisory controller simply gathers state information, and commands a next state of 
the ICE and EM. Figure 3.1 shows the energy management system (top of figure), which 
is where the game-theoretic controller design fits in. Next in the hierarchy are the 
execution level controllers, which take the directives from the supervisory level and 
translate that torque demand into directives for the ICE and EM.
3.2 The “Game-Based” Energy Management Unit
The hybrid electric vehicle consists of many subsystems including engine, transmission, 
motor, battery, brakes, etc. In reality, each subsystem is equipped with sensors, actuators, 
and a control system to regulate it’s behaviour. Moreover, all sub-systems need to be co­
ordinated in an optimal manner to achieve objectives such as fuel economy, emissions 
reduction, charge balance, and drivability. An integrated supervisory-level controller is 
required to accomplish this task[l].
A two-level hierarchical control architecture has been used as shown in figure 3.1. The 
supervisory “Game based” Management imit (GMU) controls the hybrid system through 
several I/O chaimels, and monitors the system status. Based on changing driver input 
(throttle/brake) and current state of the sub-systems (engine speed, battery SOC, etc.), the 
GMU must determine the best next-state of each sub-system, and output directions to the 
low-level control systems (Engine control unit (ECU), motor controller, etc.) The two- 
level control architecture implies that the supervisory controller only controls the hybrid 
vehicle by using high-level control signals such as power, torque, and speed while the 
low-level variables such as fuel injection, current, and voltage ate kept within the low-
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Figure 3.1 Topology of Parallel HEV example using Supervisory Controller
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level controllers. This makes it possible to focus on the GMU controller design, and 
utilize mostly existing CarSim and simple Simulink models (outlined in Chapter 2), for all 
low-level controllers.
The focus of the GMU is on emissions reduction and maximal fuel economy. The power 
management strategy in the GMU refers to the rule-based structure used to force 
constraints for emissions, while maximizing fuel economy within this restriction.
3.3 Controller Design
The GMU is required to collect all relevant system variables and define a current, finite 
state. The 2-element (ICE/EM) powertrain system is being modeled as a 2-player ‘game’, 
in which each player is using its own criteria to specify a distinct payoff for changing to a 
‘next state’ at the next time step. Although it could be repartitioned into other formats, the 
simulations outlined in Chapter 4 were conducted using a GMU that recognizes 7 
powertrain states. They are outlined in figure 3.2.
ICE
ONLY
HYBRID
75/25
ICE/EM
EM
ONLY
HYBRID
50/50
ICE/EM
HYBRID
25/75
ICBEM
RECHARGE
W/ICE
REGEN
BRAKING
Figure 3.2 Powertrain states as defined by GMU
The powertrain, as defined by the GMU, is always in one of these 7 states. The default 
state is “ICE ONLY”, when the controller has not yet collected enough data to make a 
‘next state’ decision. Additionally, the dynamic variables (ICE and EM torque, SOC) are
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limited to truncated, discrete values by the GMU. This allows the GMU to treat the 
powertrain system as a whole as a finite state machine (FSM).
To model the GMU using game-theoretic principles, the powertrain’s strategies (next state 
of powertrain) must be optimized in order to maximize payoff in the form shown in 
equation 3.1 It is important to note that the payoff function is being maximized by players 
rather than minimized, as is often the convention in game-theoretic literature.
P i * ( S i * , S 2 * , . . . , S i * , . . . S „ . i * , S „ > = P i ( S i , S 2 , . . . , S i ^ . . . , S „ . i , S „ )  ( 3 . 1 )
where:
P=Payoff
S=Strategies (possible next state of powertrain) 
i= Player index
Narrowing scope to a two player game, equation 3.2 and 3.3 show that the ICE and EM 
are each picking a strategy that presumably will maximize it’s payoff, considering the 
state of the other player.
Pl*(Si*,S2*)>=Pi(Si*,S2) (3.2)
P2*(Sl^S2>=P2(SlS2*) (3.3)
Payoff has to be evaluated for each of the seven possibilities for S at each time step, so that 
the payoffs can be optimized. Each player has a payoff matrix, which is a function of 
battery SOC, Vehicle powertrain current state, and torque operating point. Equations 3.4 
and 3.5 give the criteria with which payoffs are determined for ICE and EM players.
P i c e  “  E i c e ( k , T i c e ) + ' P ( T i c e ) + ^ i c e ( ^ )  (3  -4 )
P=E,(k,T,)+AC+A,e(u) (3.5)
where:
Pice = Payoff function for Internal Combustion Engine 
Ej(,g= Internal Combustion Engine Efficiency function
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k= Gear number (integer value)
Tjgg= Current Torque being supplied by ICE
Weighted emissions function (penalty/constraint)
>vi(,g=State to state transition function (penalty) for ICE 
u= Powertrain’s current state 
?e==Fayoff function for Electric Motor 
Ee=Electric Motor Efficiency function 
Tg=Current Torque being supplied by Electric Motor 
A=Multiplicative constant for SOC, dependent on SOC 
SOC of the battery 
A,g=State to state transition function (penalty) for EM
Once the payoff matrix is defined for each possible discrete system scenario and input, 
the game definition and GMU design is completed. Chapter 4 discusses the simulated 
GMU results.
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Chapter 4
Simulation Results 
and Benchmarking
To assess the performance characteristics of the vehicle model and 
Game-theoretic controller, a valid model must be compared to a 
benchmark model representing the current state-of-the-art. For this 
Reason, ADVISOR was a tool used extensively in correlating and 
validating the models used in this research.
In the CarSim/Simulink test environment, a simulation step size of 
10 ms is used. As such, the GMU evaluates the best next state 
every 10 ms. This chapter compares simulation results on two 
similar vehicles, using different control structures.
4.1 Test Specifications
Using common drive cycles is an accepted method of observing the 
characteristics of a vehicle powertrain in a variety of scenarios. 
The GMU controller was evaluated under twelve drive cycles. The 
results from three drive cycles captured all relevant behaviour, 
characterized in table 4.1. The speed profiles for these three drive 
cycles (Manhattan Bus, Federal Test Procedure, and Urban Drive 
Cycle) are displayed in figures 4.1,4.2, and 4.3.
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Table 2.1. Drive Cycle Specifications
Manhattan Bus
Federal Test 
Procedure Urban
Time (s) 1089 2477 1369
Distance (km) 3.32 17.77 11.99
Maximum Speed (km/h) 40.72 91.25 91.25
Average Speed (km/h) 10.98 25.82 31.51
Max Acceleration (m/s^2) 2.06 1.48 1.48
Max Deceleration (m/s' 2^) -2.5 -1.48 -1.48
Average Acceleration (m/s' 2^) 0.54 0.51 0.5
Average Deceleration(m/s^2) -0.67 -0.58 -0.58
Idle time (s) 394 361 259
Number of Stops 20 22 17
tim e (sec )
Figure 4.1 Manhattan Bus drive cycle
50
—  key on
—  sp eed  
  elevation
0.845
0.640
0.435
0.230
25
- - 0.2^20
-0.4
- 0.8
15
10
- 0.85
0
1200400 600 800 10000 200
CO
&
E
>
Simulation Results and Benchmarking Test Specifications 32
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
University ofW indsor
tim e (sec)
Figure 4.2 Federal Test Procedure Drive Cycle
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Figure 4.3 Urban Drive Cycle
The speed contours expressed in these drive cycles are used as inputs to both ADVISOR 
environment simulation, and CarSim/Simulink environment Simulation.
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4.2 ADVISOR Results and Benchmarking
Manhattan Bus Drive Cycle
The manhattan bus drive cycle is a rigorous start and stop series, and results in higher 
emissions and lower fuel economy. The ADVISOR HEV results are shown in Figure 4.4 
and table 4.2.
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Figure 4.4 ADVISOR Test Results for Manhattan Bus Drive Cycle
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Table 2.1. ADVISOR Emission and Performance results
Drive Cycle
Fuel
Consumption 
(litres /100 km)
HC emissions 
(g/km)
CO emissions 
(g/km)
NOx emissions 
(g/km)
Manhattan 12 1.128 5.605 0.571
FTP 6.6 0.264 1.382 0.234
Urban 6.3 0.33 1.546 0.266
Federal Test Procedure Drive Cycle
The ADVISOR HEV results are shown in figure 4.5 and table 4.2
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Figure 4.5 ADVISOR test results for Federal Test procedure
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Urban Drive Cycle
The ADVISOR HEV results are shown in figure 4.6 and table 4.2
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Figure 4.6 ADVISOR test results for Urban Drive Cycle
4.3 CarSim/Simulink Results with GMU
Tuning the payoff parameters resulted in favourable performance by the GMU when 
compared to ADVISOR results. Table 2.2 provides the performance data from the three 
drive cycles. Figure 4.8 shows the “state” of the GMU as it changes between the 7 
possible states outlined in the GMU model. It is noticable that although the system is
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evaluated on a loop time of 10 ms, the powertrain rarely changes at a comparably high 
frequency. Figure 4.7 shows state transitions at a small time slice of the simulation.
Table 2.2. GMU Emission and Performance results
Drive Cycle
Fuel Consumption 
(litres /100 km)
HC emissions (g/ 
km)
CO emissions (g/ 
km)
NOx emissions (g/ 
km)
Manhattan 9.43 1.1 3.0 0.43
FTP 4.5 0.25 1.24 0.22
Urban 5.17 0.21 1.31 0.25
Figure 4.7 State transition output from GMU model
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4.4 Performance Comparison
Since ADVISOR and CarSim’s models use different signal flow characteristics, it is 
important to ensure that the vehicle drive cycles are being treated similarly in both 
environments. ADVISOR uses a speed profile as it’s input, while the CarSim model uses 
throttle profile. Figure 4.8 shows the wheel axle output torque of both models. Since they 
correlate closely, a fair comparison has been assured. From a performance standpoint, it 
can be seen from comparing Table 2.1 and Table 2.2 that utilizing a supervisory control 
structure like GMU is capable o f reducing fuel consumption and emissions.
Figure 4.8 Transmission output torque for equivalent runs in CarSim (top) and
ADVISOR (bottom)
4.5 Runtime Results
After evaluating the GMU on an algorithm level, and verifying the benefits of using such 
a controller, there remains the question of the algorithms practicality for exporting onto a 
real ECU. Using RT-Lab software[12], the GMU simulation was run in real-time, and the 
system performance was evaluated using simulink diagnostic blocks from the RT-Lab
Simulation Results and Benchmarking Performance Comparison 38
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
University ofW indsor
blockset. Figure 4.9 shows the computation time compared to the desired stepsize of 
10ms. From Figure 4.9, it can be seen that the GMU can run on a loop time as small as 7 
ms.
#  H  i I P  P
Figure 4.9 Simulation info from Diagnostics block. Step size (Yellow),
computation time (purple)
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Chapter 5
Conclusions
This report describes a practical formulation for the supervisory 
powertrain control problem in hybrid electric vehicles. This 
formulation is based on adjusting the instantaneous power split 
between the IC engine and the electric machine and selecting the 
appropriate gear ratio in the transmission to minimize the 
instantaneous equivalent fiiel consumption of the combined 
powertrain, and optimize all other prominent system variables. To 
implement the local constraints of battery charge-sustaining 
operation for the EM, and emissions constraints for the ICE, the 
optimum power split is biased using a game theoretic algorithm in a 
supervisory level controller.
This strategy was tested in a simulated parallel hybrid electric 
vehicle. Extensive public domain road test data has confirmed the 
validity of these findings, yielding outstanding fuel economy 
improvements over comparable vehicles using more conventional 
energy management strategies. Finally, the same formalism has 
been extended to include emissions reduction showing that an HEV 
configuration with an appropriate control strategy can mitigate the 
engine-out emissions while maintaining delivering significant fuel 
economy benefits.
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A game theory based controller strategy for a parallel and series Hybrid Electric Vehicle 
has been Demonstrated. Online simulation results are provided to validate the control 
strategy while further analysis utilizing the hardware-in-the-loop environment outlined is 
the next step in this undertaking. Realtime simulations using actual imbedded controllers 
in a loop with a simulated plant should be attempted in order to give thorough 
comparisons of the success of the control strategy proposed here.
5.1 Summary of Contributions
A new control strategy for the supervisory level control of the energy management system 
of an HEY has been designed and tested using customized Simulink models to simulate 
the remainder of the HEY system. Generic models were correlated and modified to mimic 
expected behaviour, as found using benchmark tools such as ADVISOR.
5.2 Recommendations for further Study
The models developed are an excellent candidate to be run in realtime on a HIE teststand, 
due to their simplicity and relatively fast processing times. Similar testing methods could 
be used in the other HEY powertrain components such as fuel cells. The controller 
topology proposed herein is similarly applicable to powertrains featuring a fuel cell, or 
other elements of Hybrid Electric vehicle arrangements.
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Appendix A
Parametrized HEV  
Models
This appendix contains an overview of some of the vehicle 
components simulated in this research. A systematic method for 
determining model validity or topology was not utilized. Rather, an 
iterative parametric analysis was exhausted in order to generate 
simplified models that correlate well to benchmark test results 
found in ADVISOR, or public domain test data as in [16, 23, 24].
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CarSim model
The complete CarSim model used for simulations in this thesis follow:
* CarSim 5.16b
* Vehicle-suspension arrangement: i_i 
TITLE On-Line Test: Flat <Real Time QNX6>
* Input File: Run all.par
* Run was made 15:01 on Nov 03, 2003
FORMAT binary
IPRINT 48 , Print interval: Output time step =  TSTEP*1PRINT (counts)
NINP IMPORT RUN 4 , CALC — Number o f  input variables imported for this run 
NOUT EXPORT R UN 7 , CALC -- Number o f  outputs exported for this run 
NOUT WRITE RUN 495 , CALC — Number o f  outputs written to file for this run 
OPT ALL EXPORT 0 , Export all outputs? 1 -> all, 0 -> only specified outputs 
OPT ALL IMPORT 0 , Import all inputs? 1 ->  all, 0 ->  only specified inputs 
OPT ALL WRITE 1 , Write all outputs? 1 -> all, 0  ->  only specified outputs 
OPT BUFFER WRITE 1 , Buffer written outputs? 0 -> no, write during run, 1 ->
, use buffer
OPT_CALC_STATIC 1 ,  Calculate and echo static loads and inertia properties? 1 
, -> yes, 0  ->  no
OPT DRIVER MODEL 1 , Use driver model to follow  path? 1 ->  yes, 0  ->  no
OPT ECHO EXPORT 1 , Echo exported outputs? 0 -> no, 1 -> yes
OPT ECHO ICS 0 , Echo initial conditions? 0 -> no, 1 ->  yes
OPT ECHO IMPORT 1 , Echo imported inputs? 0 -> no, 1 ->  yes
OPT_ECHO_WRITE 0 , Echo written outputs? 0 -> no, 1 -> yes
OPT INIT CONFIG 1 , Initialize vehicle pitch, roll, and deflection variables?
, 1 ->  yes, 0 -> no, start 'as is'
OPT INIT ROAD 1 ,  Initialize variables for vehicle yaw, X o, and Yo, to match 
, road at station = SSTART? 1 -> yes, 0 ->  no, start 'as 
, is'
OPT INIT SPEED 1 ,  Initialize vehicle speed variables? 1 ->  yes, 0  ->  no,
, start'as is'
OPT PT 1 , Powertrain type: 0  ->  Simple, 1 ->  FWD, 2 -> RWD, 3 -> 4WD
OPT ROAD 1 ,  )Miich 3D  ground model? 1 ->  3D  road, 0 -> 3D  grid 
OPT ROAD LOOP 0 , Is the road/XY-path in a loop? 0 ->  no, 1 ->  yes, from 
, S_LOOP_START to S_LOOP_STOP 
OPT ROLL M AX 8 0 ,  Maximum roll angle: run stops i f  reached (deg)
OPT SC 2 , Speed control: 0 -> None, 1 ->  constant, 2 ->  speed vs.
, time, 3 -> speed vs. station 
OPT SORT EXPORT 0 , Sort exported outputs alphabetically? 0 ->  no, 1 ->  yes 
OPT SORT IMPORT 0 , Sort imported inputs alphabetically? 0 ->  no, 1 ->  yes 
OPT SORT WRITE 1 ,  Sort written outputs alphabetically? 1 -> yes, 0 ->  no 
OPT SSTOP 0 , Stop when the vehicle reaches SSTOP? 0 ->  no (use SSTOP 
, only to initialize the direction o f  travel relative to 
, SSTART), l - >  yes  
OPT_VMAX 500 , Maximum absolute vehicle speed: run stops i f  reached (km/h)
OPT_VMIN -1 , Minimum absolute vehicle speed: run stops if  reached (km/h)
OPT WRITE BASIS 1 , Explicit time interval for written outputs? 0 ->  no, write 
, from TSTART to TSTOP, 1 -> yes, write from TSTART_WRITE 
, to TSTOP WRITE 
RTIME 0 ,  CALC — Computational efficiency (sec/sim. sec) (-)
SSTART 0 , Location o f  vehicle on road (station) at start o f  run (in)
SSTOP I , Head in this direction and stop here i f  OPT_SSTOP = 1 (m)
TSTART 0 , Start with the clock set at this time (s)
TSTART_WRITE 0 , Start writing outputs when this time is reached (s)
TSTEP 0 .0 0 1 , Time step for munerical integration (s)
TSTOP 1 20 , Stop when this time is reached (s)
TSTOP WRITE 120 , Stop writing outputs when this time is reached (s)
+ MODEL PARAMETERS A N D  TABLES
* The following inertia properties and axle loads with the keyword CALC in
* the name are ^proxim ate. They are calculated for the vehicle in its design
* load configuration, with zero pitch and roll angles. Usually the tire
* sizes and load conditions cause some vehicle pitch, which causes the actual
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* axle loads and wheel heights to be different.
* Approximate static axle loads PZA L and MZA_L: laden vehicle 
FZA_L(1) 10310.661 , CALC -  A xle 1 load, laden vehicle (N)
FZA_L(2) 6429.2908 , CALC -  Axle 2 load, laden vehicle (N)
MZA_L(I) 1051 .3948 , C A L C -A x le  I load, laden vehicle (kg)
MZA_L(2) 655.6052 , CALC -- A xle 2 load, laden vehicle (kg)
* Wheel-center heights HWC UL (axle average) for the vehicle unladen.
HW C_UL(I) 277.56668 , CALC -- Approximate wheel-center height for axle I (mm) 
HWC_UL(2) 286.38798 , CALC — Approximate wheel-center height for axle 2 (mm)
* Approximate static axle loads FZA UL and MZA UL: unladen vehicle
FZA_UL(1) 10310.661 , CALC -  Axle 1 load, unladen vehicle (N)
FZA_UL(2) 6429.2908 , CALC -  A xle 2 load, unladen vehicle (N)
MZA U L(I) 105 1.3948 , CALC -  A xle I load, unladen vehicle (kg)
MZA UL(2) 655.6052 , CALC — A xle 2 load, unladen vehicle (kg)
* Calculated properties for TPL: total payload for vehicle
LX_CG_TPL 0 ,  CALC -- X  distance TPL CG is behind vehicle origin (mm)
Y_CG_TPL 0 , CALC -  Y coord, o f  TPL CG (mm)
H_CG_TPL 0 , CALC -  Height (Z coord.) o f  TPL CG (mm)
M_TPL 0 , CALC -  Mass o f  TPL (kg)
W_TPL 0 , CALC ~  W eight o f  TPL (N)
IXX TPL 0 ,  CALC — Roll moment o f  inertia o f  TPL (kg-m2) 
lY Y  TPL 0 ,  CALC — Pitch moment o f  inertia o f  TPL (kg-m2)
IZZ TPL 0 ,  CALC "  Yaw moment o f  inertia o f  TPL (kg-m2)
IXY_TPL 0 , CALC -  X Y  product o f  inertia o f  TPL (kg-m2)
IXZ TPL 0 , CALC — XZ product o f  inertia o f  TPL (Lg-m2)
lYZJTPL 0 , CALC — YZ product o f  inertia o f  TPL (kg-m2)
* Calculated properties for SL: vehicle sprung mass when laden
LX CG SL 1014 , CALC — X distance SL CG is behind vehicle origin (mm)
Y_CG_SL 0 , CALC -  Y coord, o f  SL CG (mm)
H_CG_SL 542 , CALC -  Height (Z coord.) o f  SL CG (mm)
M_SL 1527 , CALC -  Mass o f  SL (kg)
W SL 14974.755 , CALC ~  Weight o f  SL (N)
IXX SL 6 0 6 ,1 , CALC — Roll moment o f  inertia o f  SL (kg-m2)
lY Y  SL 2741.9 , CALC — Pitch moment o f  inertia o f  SL (kg-m2)
IZZ SL 2741.9 , CALC — Yaw moment o f  inertia o f  SL (kg-m2)
IXY_SL 0 , CALC “  X Y  product o f  inertia o f  SL (kg-m2)
IXZ^SL -7.6652821e-31 , CALC -  XZ product o f  inertia o f  SL (kg-m2)
IYZ_SL 0 , CALC ~  YZ product o f  inertia o f  SL (kg-m2)
* Calculated properties for TL: total vehicle when laden
LX CG TL 1033.1447 , CALC — X  distance TL CG is behind vehicle origin (mm) 
Y_CG_TL 0 , CALC -  Y  coord, o f  TL CG (ram)
H CG_TL 514.53076, CALC -  Height (Z coord.) o f  TL CG (mm)
M_TL 1707 , CALC ~  Mass o f  TL (kg)
W_TL 16739.952 , CALC ~  Weight o f  TL (N)
IX X T L  723.13841 , CALC -- Roll moment o f  ineitia o f  TL (kg-m2) 
lYY TL 3083.3424 , CALC -  Pitch moment o f  inertia o f  TL (kg-ra2)
IZZ TL 3 174.92 , CALC — Yaw moment o f  ineitia o f  TL (kg-m2)
IXY TL 0 , CALC -  XY product o f  inertia o f  TL (kg-m2)
EXZ_TL -6.5394451 , CALC -  XZ product o f  inertia o f  TL (kg-m2) 
lYZ TL 0 , CALC — YZ product o f  inertia o f  TL (kg-m2)
* Calculated properties for TU: total vehicle when unladen
LX CG TU 1033.1447 , CALC -  X  distance TU CG is behind vehicle origin (mm) 
Y_CG_TU 0 , CALC -  Y coord, o f  TU CG (mm)
H CG_TU 514.53076 , CALC ~  Height (Z coord.) o f  TU CG (mm)
M_TU 1707 , CALC -  M ass o f  TU (kg)
W_TU 16739.952 , CALC -  Weight o f  TU (N)
IXX TU 723.13841 , CALC -- Roll moment o f  inertia o f  TU (kg-m2) 
lYY TU 3083.3424 , CALC ~  Pitch moment o f  inertia o f  TU (kg-m2)
IZZ TU 3174.92 , CALC — Yaw moment o f  inertia o f  TU (kg-m2)
IXY_TU 0 , CALC ~  X Y  product o f  inertia o f  TU (kg-m2)
IXZ TU -6.5394451 , CALC -  XZ product o f  inertia o f  TU (kg-in2) 
lYZ TU 0 , CALC — YZ product o f  inertia o f  TU (kg-m2)
ABS SLIP OFF(I) 0 ,  A xle I ABS: release brake for slip above this level (-) 
ABS_SLIP_0FF(2) 0 , A xle 2 ABS: release brake for slip above this level (-) 
ABS_SLIP_O N(l) 1 ,  A xle I ABS: apply brake for slip below  this level (-)
ABS SLIP ON(2) 1 , A xle 2 ABS: apply brake for slip below this level (-)
ABS VM IN(I) 200 , A xle I ABS: disable A BS for speed below this level (km/h) 
ABS_VM IN(2) 200 , A xle 2 ABS: disable A BS for speed below  this level (km/h) 
AREA AERO 1.8 , Frontal vehicle cross-section area (for aerodynamics) (m2) 
AV ENG IDLE 600 , Engine idle speed (rpm)
A_CASTER(I,1) 5 , Caster for L wheel, axle I (deg)
A CASTER(1,2) 5 , Caster for R wheel, axle 1 (deg)
A_CASTER(2,1) I , Cast®" for L wheel, axle 2 (deg)
A_CASTER(2,2) 1 , Caster for R wheel, axle 2 (deg)
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A_KP1(1,1) 8 ,  Kingpin inclination for L wheel, axle 1 (deg)
A_KPI(1,2) 8 , Kingpin inclination for R wheel, axle 1 (deg)
A_KP1(2,1) 8 , Kingpin inclination for L wheel, axle 2 (deg)
A_KPI(2,2) 8 , Kingpin inclination for R wheel, axle 2 (deg)
A  PITCH S (l)  0 ,  Static pitch o f  sensor 1 relative to sprung mass (deg)
A_PITCH_S(2) 0 ,  Static pitch o f  sensor 2 relative to sprung mass (deg)
A_PITCH_S(3) 0 ,  Static pitch o f  sensor 3 relative to sprung mass (deg) 
A_PITCH_S(4) 0 ,  Static pitch o f  sensor 4 relative to sprung mass (deg)
A_PITCH_S(5) 0 , Static pitch o f  sensor 5 relative to sprung mass (deg)
A _R0LL_S(1) 0 , Static roll o f  sensor 1 relative to sprung mass (deg)
A  ROLL S(2) 0 , Static roll o f  sensor 2 relative to sprung mass (deg)
A_ROLL_S(3) 0 , Static roll o f  sensor 3 relative to sprung mass (deg)
A _R0LL_S(4) 0 ,  Static roll o f  sensor 4 relative to sprung mass (deg)
A _R0LL_S(5) 0 , Static roll o f  sensor 5 relative to sprung mass (deg)
A_SW _M AX_DM  360 , Limit steering wheel angle for driver model (deg) 
A_YAW _S(1) 0 , Static yaw o f  sensor 1 relative to sprung mass (deg)
A  YAW _S(2) 0 ,  Static yaw o f  sensor 2 relative to sprung mass (deg)
A  YAW  S(3) 0 ,  Static yaw o f  sensor 3 relative to sprung mass (deg)
A_YAW _S(4) 0 ,  Static yaw o f  sensor 4 relative to sprung mass (deg)
A_YAW _S(5) 0 , Static yaw o f  sensor 5 relative to sprung mass (deg)
CC_FX(1) 0 ,  Compliance: axle 1 wheel camber due to Fx (deg/N)
CC_FX(2) 0  , Compliance: axle 2 wheel camber due to Fx (deg/N)
CI_FY(1) 0 , Compliance: axle 1 wheel inclination due to Fy (deg/N) 
C1_FY(2) 0.00029 , Compliance: axle 2 wheel inclination due to Fy (deg/N)
CI_MZ(1) 0 ,  Compliance; axle 1 wheel inclination due to M z (deg/N/m)
CI_MZ(2) 0 ,  Compliance: axle 2 wheel inclination due to M z (deg/N/m)
CS F Y (l) "0.00027 , Suspension compliance; axle 1 wheel steer due to Fy (deg/N) 
CS_FY(2) -Ie-05 , Suspension compliance: axle 2 wheel steer due to Fy (deg/N) 
CS_MZ(1) 0 .0038 , Suspension compliance: axle 1 wheel steer due to Mz
, (deg/N/m)
CS_MZ(2) 0 .0019 , Suspension compliance: axle 2 wheel steer due to Mz
, (deg/N/m)
CT F X (l) 0.00043 , Suspension compliance: axle 1 wheel toe due to Fx (deg/N) 
CT_FX(2) 0 ,  Suspension compliance: axle 2 wheel toe due to Fx (deg/N)
D  AIR 1.206 , Air mass density (kg/m3)
FS OFFSET(l) 0 , Force offset added to spring static load for axle 1 (N)
FS OFFSET(2) 0 ,  Force offset added to spring static load for axle 2 (N)
FZ M AX(1,1) 100000 , Vertical force limit for tire IL (N)
FZ_M AX(1,2) 100000, Vertical force limit for tire IR (N)
FZ_MAX(2,1) 100000 , Vertical force limit for tire 2L (N)
FZ M AX(2,2) 100000, Vertical force limit for tire 2R (N)
H CG_PL(1) 1500 , Height (Z coord.) o f  CG o f  payload 1 (mm)
H_CG_PL(2) 1500 , Height (Z coord.) o f  CG o f  payload 2 (mm)
H_CG_PL(3) 15 0 0 , Height (Z coord.) o f  CG o f  payload 3 (mm)
H_CG PL(4) 1500 , Height (Z coord.) o f  CG o f  payload 4 (mm)
H_CG_SU 542 , Height (Z coord.) o f  vehicle unladen sprung mass CG (mm)
H RC(1)  70 , Height (Z coord.) o f  axle 1 roll center (mm)
H_RC(2) 1 10 , Height (Z coord.) o f  axle 2 roll center (mm)
H REF AERO 0 , Height (Z coord.) o f  aerodynamic ref. pt. (mm)
H RP(1) 0 ,  Height (Z coord.) o f  reference point 1 (mm)
H RP(10) 0 ,  Height (Z coord.) o f  reference point 10 (mm)
H RP(2) 0 ,  Height (Z coord.) o f  reference point 2 (mm)
H_RP(3) 0 ,  Height (Z coord.) o f  reference point 3 (mm)
H_RP(4) 0 ,  Height (Z coord.) o f  reference point 4 (mm)
H_RP(5) 0 , Height (Z coord.) o f  reference point 5 (mm)
H_RP(6) 0 , Height (Z coord.) o f  reference point 6  (mm)
H RP(7) 0 ,  Height (Z coord.) o f  refeience point 7 (mm)
H_RP(8) 0 ,  Height (Z coord.) o f  reference point 8 (mm)
H_RP(9) 0 ,  Height (Z coord.) o f  reference point 9 (mm)
H S (l)  0 , Height (Z coord.) o f  sensor 1 (mm)
H_S(2) 0 , Height (Z coord.) o f  sensor 2 (mm)
H_S(3) 0 ,  Height (Z coord.) o f  sensor 3 (mm)
H_S(4) 0  , Height (Z coord.) o f  sensor 4 (mm)
H_S(5) 0 , Height (Z coord.) o f  sensor 5 (mm)
H_WC(1) 277.5 , Height (Z coord.) o f  wheel centers o f  axle 1 (mm)
H_WC(2) 286.5 , Height (Z coord.) o f  wheel centers o f  axle 2 (mm)
IDS_F 0 , Spin inertia o f  front driveshaft (kg-m2)
lENG 0.16 , Spin inertia o f  engine crankshaft (kg-m2)
THS_LF 0 , Spin inertia o f  left-front differential half shaft (kg-m2)
IHS RF 0 ,  Spin inertia o f  right-front differential half shaft (kg-m2)
IT(1,1) 0 , Spin inertia for tire IL (kg-m2)
IT(1,2) 0 , Spin ineitia fortire IR (kg-m2)
IT(2,1) 0 , Spin inertia for tire 2L (kg-m2)
IT(2,2) 0 , Spin inertia for tire 2R (kg-m2)
ITC INPUT SHAFT 0 , Spin inertia o f  input shaft o f  torque converter (kg-m2) 
ITC OUTPUT SHAFT 0 , Spin inertia o f  torque converter output shaft (kg-m2) 
1TR(1) 0.37 , Ist-gear transmisson spin inertia at output shaft.
, (Transmission spin inertias do not include the torque
, converter.) (kg-m2)
ITR(2) 0.34 , 2nd-gear transmission spin inertia at output shaft. (kg-m2)
1TR(3) 0.42 , 3rd-gear transmission spin inertia at output shaft. (kg-m2)
ITR(4) 0.4 , 4th-gear transmission spin inertia at output shaft. (kg-m2)
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ITR(5) 0.4 , 5th-gear transmission spin inertia at output shaft. (kg-m2)
ITR(6) 0.4 , 6th-gear transmission spin ineitia at output shaft. (kg-m2)
ITR(7) 0.4 , 7th-gear transmission spin inertia at output shaft. (kg-m2)
ITR NEUTRAL 0.34 , Neutral-gear spin inertia o f  transmission (kg-m2)
ITR REVERSE 0 .3 4 , Reverse-gear spin inertia o f  transmission (kg-m2)
IW(1) 0 .9 ,  Spin inertia for each wheel on axle 1 (kg-m2)
IW(2) 0.9 , Spin inertia for each wheel on axle 2 (kg-m2)
IXX P L (l) 0  , Roll moment o f  inertia o f  payload 1 (kg-m2)
1XX_PL(2) 0  , Roll moment o f  inertia o f  payload 2 (kg-m2)
rXX_PL(3) 0  , Roll moment o f  inertia o f  payload 3 (kg-m2)
IXX_PL(4) 0 ,  Roll moment o f  inertia o f  payload 4 (kg-m2)
rxX  SU 6 0 6 .1 , Roll inertia o f  vehicle unladen sprung mass (kg-m2)
IXY P L (l) 0 , XY product o f  inertia o f  payload 1 (kg-m2)
IXY PL(2) 0 , X Y  product o f  inertia o f  payload 2 (kg-m2)
IXY PL(3) 0 , XY product o f  inertia o f  payload 3 (kg-m2)
IXY_PL(4) 0 , XY product o f  inertia o f  payload 4 (kg-m2)
IXY SU 0 , X Y inertia o f  vehicle unladen sprung mass (kg-m2)
IXZ PL(1) 0 ,  XZ product o f  inertia o f  payload 1 (kg-m2)
IXZ_PL(2) 0  , XZ product o f  inertia o f  payload 2 (kg-m2)
IXZ PL(3) 0 ,  XZ product o f  inertia o f  payload 3 (kg-m2)
IXZ_PL(4) 0 , XZ product o f  inertia o f  payload 4 (kg-m2)
IXZ_SU 0 ,  XZ inertia o f  vehicle unladen sprung mass (kg-m2)
IYY_PL( 1) 0 , Pitch moment o f  inertia o f  payload 1 (kg-m2)
lYY PL(2) 0 , Pitch moment o f  inertia o f  payload 2 (kg-m2)
IYY_PL(3) 0  , Pitch moment o f  inertia o f  payload 3 (kg-m2)
IYY_PL(4) 0  , Pitch moment o f  inertia o f  payload 4 (kg-m2)
lY Y  SU 2741.9 , Pitch inertia o f  vehicle unladen sprung mass (kg-m2)
lYZ PL (l) 0 , YZ product o f  inertia o f  payload 1 (kg-m2)
lYZ PL(2) 0 , YZ product o f  inertia o f  payload 2 (kg-m2)
lYZ PL(3) 0 , YZ product o f  inertia o f  payload 3 (kg-m2)
IYZ_PL(4) 0 ,  YZ product o f  inertia o f  payload 4 (kg-m2)
lYZ SU 0 , YZ inertia o f  vehicle unladen sprung mass (kg-m2)
IZZ_PL(1) 0 , Yaw moment o f  inertia o f  payload 1 (kg-m2)
IZZ_PL(2) 0  , Yaw moment o f  inertia o f  payload 2 (kg-m2)
IZZ PL(3) 0 , Yaw moment o f  inertia o f  payload 3 (kg-m2)
IZZ_PL(4) 0 ,  Yaw moment o f  inertia o f  payload 4 (kg-m2)
IZZ_SU 2741 .9 , Yaw inertia o f  vehicle unladen sprung mass (kg-m2) 
JNC_DESIGN(1) 0 , Jounce o f  axle 1 in the vehicle design condition (mm) 
JNC_DESIGN(2) 0 , Jounce o f  axle 2 in the vehicle design condition (mm)
KT( 1,1) 220 , Vertical spring rate for tire 1L (N/mm)
KT(1,2) 220 , Vertical spring rate for tire IR  (N/mm)
KT(2,1) 2 2 0 , Vertical spring rate for tire 2L (N/mm)
KT(2,2) 220 , Vertical spring rate for tire 2R (N/mm)
LOCKED FD DAM P 0 .8 , Torsional damping constant for locking the front 
, differential (N-m-s/deg)
LOCKED FD K 80 , Torsional spring constant for locking the front 
, differential (N-m/deg)
LOCKED FD OPT 0 , Is the front differential always locked?: 0 -> no, 1 ->  yes 
L0CK_BK_FREQ(I,1) 10 , Natural frequency for 'locked' LI brake/wheel (Hz) 
L0CK_BK_FREQ(1,2) 10 , Natural frequency tor 'lockal' R1 brake/wheel (Hz) 
L0CK_BK_FREQ(2,1) 10 , Natural frequency for 'locked' L2 brake/wheel (Hz) 
LOCK_BK_FREQ(2,2) 10 , Natural frequency for 'locked' R2 brake/wheel (Hz) 
L0C K _BK _V M A X (I,1) 0.5 , Max. s p e ^  for LI 'locked' brake/wheel behavior (km/h) 
L0CK_BK_VM AX(1,2) 0.5 , Max. speed for RI 'locked' brake/wheel behavior (km/h) 
LOCK_BK_VM AX(2,l) 0.5 , Max. speed for L2 'locked' brake/wheel behavior (km/h) 
LOCK_BK_VMAX(2,2) 0.5 , Max. speed for R2 'locked' brake/wheel behavior (km/h) 
L(X2K_BK_ZETA(1,1) 1 , Damping ratio for 'locked' LI brake/wheel (-) 
L0CK_BK_ZETA(1,2) 1 , Damping ratio for 'locked' R l brake/wheel (-)
LOCK BK ZETA(2,1) 1 ,  Damping ratio for 'locked' L2 brake/wheel (-) 
LOCK_BK_ZETA(2,2) 1 , Damping ratio for 'locked' R2 brake/wheel (-)
LX A X L E (l) 0 , X  distance axle 1 is behind vehicle origin (mm)
LX AXLE(2) 2690 , X  distance axle 2 is behind vehicle origin (mm) 
LX_CG_PL(1) 2 0 0 0 , X  distance CG o f  payload 1 is behind vehicle origin (mm)
LX_CG_PL(2) 2 0 0 0 , X  distance CG o f  payload 2 is behind vehicle origin (mm)
LX_CG_PL(3) 2000 , X  distance CG o f  payload 3 is behind vehicle origin (mm)
LX_CG_PL{4) 2 0 0 0 , X  distance CG o f  payload 4 is  behind vehicle origin (mm)
LX_CG_SU 1014 , X  dist. CG o f  vehicle unladen sprung mass is behind
, vehicle origin (mm)
L CAMERA FRONT 10 , Distance the camera front point leads the front axle (m)
L CAMERA REAR 2 , Distance the camera rear point trails the front axle (m) 
L_KP0(1,1) 80 , Lateral kingpin offset at center o f  L wheel, axle 1 (mm)
L_KPO(l,2) 80 , Lateral kingpin offset at center o f  R wheel, axle 1 (mm)
L_K P 0(2,1) 80 , Lateral kingpin offset at center o f  L wheel, axle 2 (mm)
L_KPO(2,2) 80 , Lateral kingpin offset at center o f  R wheel, axle 2 (mm)
L REF AERO 2 6 9 0 , Aerodynamic reference length for vehicle (mm) 
L_RELAX_X(1,1) 55 , Longitudinal relaxation length for tire IL (mm) 
L_RELAX_X(l,2) 55 , Longitudinal relaxation length for tire IR (mm) 
L_RELAX_X(2,1) 55 , Longitudinal relaxation length for tire 2L (mm) 
L_RELAX_X(2,2) 55 , Longitudinal relaxation length for tire 2R (mm) 
L_RELAX_Y(1,1) 565 , Lateral relaxation length for tire IL (mm)
L RELAX Y( 1,2) 565 , Lateral relaxation length for tire IR (mm)
L_RELAX_Y(2,1) 565 , Lateral relaxation length for tire 2L (mm)
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L RELAX Y(2,2) 565 , Lateral relaxation length for tire 2R (mtn)
L TRACK(l) 1540 , Track width for axle 1 (mm)
L TRACTC(2) 1530 , Track width for axle 2 (mm)
MU_REF_X(1,1) 0.89 , Ground friction during meas. o f  Fx data for tire IL (-) 
MU_REF_X(1,2) 0.89 , Ground friction during meas. o f  Fx data for tire IR (-) 
MU_REF_X(2,1) 0.89 , Ground friction during meas. o f  Fx data for tire 2L (-) 
MU_REF_X(2,2) 0.89 , Ground friction during meas. o f  Fx data for tire 2R (-) 
MU_REF_Y(1,1) 0.87 , Ground friction during meas. o f  Fy data for tire IL (-) 
MU_REF_Y(1,2) 0.87 , Ground friction during meas. o f  Fy data for tire IR (-) 
MU_REF_Y(2,1) 0.87 , Ground friction during meas. o f  Fy data for tire 2L (-) 
MU_REF_Y(2,2) 0.87 , Ground friction during meas. o f  Fy data for tire 2R (-)
M  PL(1) 0 , Mass o f  payload 1 (kg)
M_PL(2) 0 , Mass o f  payload 2 (kg)
M_PL(3) 0 ,  Mass o f  payload 3 (kg)
M_PL(4) 0 ,  Mass o f  payload 4 (kg)
M _SU 1527 , Mass o f  vehicle unladen spinng mass (kg)
M _US(1) 100 , Unsprung mass o f  axle 1 (kg)
M  U S(2) 80 , Unsprung mass o f  axle 2 (kg)
OPT_CLUTCH 0 , Torque transfer to transmission: 0  ->  hydraulic torque 
, converter, 1 -> mechanical clutch 
0PT_JNC_DESIGN(1) 1 ,  Specify jounce in the vehicle design condition for axle 1?
, 0  ->  no, base jounce on suspension springs; 1 ->  yes. 
0PT_JNC_DESIGN(2) 1 , Specify jounce in the vehicle design condition for axle 2?
, 0  ->  no, base jounce on suspension springs; 1 -> yes. 
OPT_TIRE_M ODEL(l,l) 1 , Internal tire shear-model option: 1 -> full MSC model, 0 
, -> no internal model, 2 -> MSC for lags, 3 ->  MSC for 
, Fx, My, and lags.
OPT_TIRE_MODEL(l,2) 1 , Internal tire shear-model option 
OPT_TlRE_MODEL(2,1 ) 1 ,  Internal tire shear-model option 
OPT_TIRE_MODEL(2,2) 1 , Internal tire shear-model option 
RRE(1,1) 301 , Effective rolling radius (V x/A Vy) for tire IL (mm)
RRE(1,2) 3 0 1 , Effective rolling radius (Vx/AVy) for tire IR  (mm)
RRE(2,1) 301 , Effective rolling radius (Vx/AVy) for tire 2L (mm)
RRE(2,2) 3 0 1 , Effective rolling radius (Vx/AVy) for tire 2R (mm)
RR Q l , l )  0 .0 0 4 , Rolling-resistance coefficient for tire IL: Fx rr =
, Fz*RR_surf^(RR_c + R R _v*V x)(-)
RR_C(1,2) 0.004 , Rolling-resistance coefficient for tire IR (-)
RR_C(2,1) 0.004 , Rolling-resistance coefficient for tire 2L (-)
RR_C(2,2) 0.004 , Rolling-resistance coefficient for tire 2R (-)
RR SURF 1 ,  Rolling resistance surface-effect coefficient (-)
RR_V(1,I) 2.5e-05 , Rolling-res. speed coefficient for tire IL: Fx rr =
, Fz*RR surf^(RR_c + R R_v*Vx)(h/km )
RR_V(1,2) 2.5e-05 , Rolling-res. speed coefficient for tire IR  (h/km)
RR_V(2,1) 2.5e-05 , Rolling-res. speed coefficient for tire 2L (h/km)
RR_V{2,2) 2.5e-05 , Rolling-res. speed coefficient for tire 2R (h/km)
R AP(1) 0.077 , Anti-pitch ratio [+X movement]/[jounce] at wheel center
, for axle 1 (-)
R_AP(2) -0.1 , Anti-pitch ratio at wheel center for axle 2 (-)
R_AP_BRAKE(1) 0.077 , Anti-pitch ratio [+X movement]/[jounce] at ground for axle
, l ( - )
R_AP_BRAKE(2) -0.1 , Anti-pitch ratio at ground for axle 2 (-)
R DAMPER(1) 1 ,  Ratio: [damper stroke]/[jounce] for each wheel on axle 1
, (-)
R_DAMPER(2) 1 ,  Ratio: [damper stroke]/[jounce] for each wheel on axle 2
, (-)
R_EFF_F_FD 1 , Forward efficiency o f  front differential (-)
R EFF R FD 0.9 , Reverse efficiency o f  front differential (-)
R_EFF_TR_F(1) 0.9 , Ist-gear forward efficiency o f  transmission (-)
R EFF TR F(2) 0 .9 ,  2nd-gear forward efficiency o f  transmission (-)
R  EFF TR F(3) 0.9 , 3rd-gear forward efficiency o f  transmission (-) 
R_EFF_TR_F(4) 0.9 , 4th-gear forward efficiency o f  transmission (-)
R EFF TR F(5) 0.9 , 5th-gear forward efficiency o f  transmission (-) 
R_EFF_TR_F(6) 0.9 , 6th-gear forward efficiency o f  transmission (-) 
R_EFF_TR_F(7) 0.9 , 7th-gear forward efficiency o f  transmission (-)
R EFF TR F A v e r s e  0 .9 , Reverse-gear forward efficiency o f  transmission (-) 
R_EFF_TR_R(1) 0.9 , Ist-gear reverse efficiency o f  transmission (-) 
R_EFF_TR_R(2) 0.9 , 2nd-gear reverse efficiency o f  transmission (-) 
R_EFF_TR_R(3) 0.9 , 3rd-gear reverse efficiency o f  transmission (-)
R EFF_TR_R(4) 0.9 , 4th-gear reverse efficiency o f  transmission (-) 
R_EFF_TR_R(5) 0.9 , 5th-gear reverse efficiency o f  transmission (-) 
R_EFF_TR_R(6) 0.9 , 6th-gear reverse efficiency o f  transmission (-)
R EFF TR_R(7) 0 .9 ,  7th-gear reverse efficiency o f  transmission (-)
R EFF TR R REVERSE 0 .9 ,  Reverse-gear reverse efficiency o f  transmission (-)
R GEAR_FD 4 .4 ,  Gear ratio o f  front differential (-)
R_GEAR_STR(1) 16 , Steering gear ratio for axle 1 (-)
R_GEAR_STR(2) 16 , Steering gear ratio for axle 2 (-)
R_GEAR_TR(1) 3.8 , Ist-gear ratio o f  transmission (-)
R_GEAR_TR(2) 1.96 , 2nd-gear ratio o f  transmission (-)
R_GEAR_TR(3) 1.4 , 3rd-gear ratio o f  transmission (-)
R_GEAR_TR(4) 1 , 4th-gear ratio o f  transmission (-)
R_GEAR_TR(5) 0.7 , 5th-gear ratio o f  transmission (-)
R_GEAR_TR(6) 0.7 , 6th-gear ratio o f  transmission (-)
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R_GEAR_TR(7) 0.7 , 7th-gear ratio o f  transmission (-)
R GEAR TR REVERSE -3.8 , Reverse-gear ratio o f  transmission (should be negative)
. (-)
R IW BOOST 1 00 , Ratio: factor by which wheel spin inertia is multiplied 
, for speeds below VLOW__IW (-)
R_SPRING(1) 1 , Ratio: [spring compression]/[jouncel for axle 1 (-)
R_SPRING(2) 1 , Ratio: [spring compression]/|jounce] for axle 2 (-)
SPATH 0 , Value o f  station at first point in design path specified
, witli YIN TABLE (m)
SPEED KI 0.157 , Integral control gain for speed controller (1/m)
SPEED KP 0 .1 4 1 , Proportional control gain for speed controller (s/m)
SPRING_C0MP_BETA(1) 2 ,  Ref. hysteretic spring compression for axle 1 (mm) 
SPRING_COMP_BETA(2) 3 , Ref. hysteretic spring compression for axle 2 (mm) 
SPRING_EXT_BETA(1) 2 , Ref. hysteretic spring extension for axle 1 (mm) 
SPRING_EXT_BETA(2) 3 , Ref. hysteretic spring extension for axle 2 (mm)
TC BK(1,1) 0.06 , Time constant for LI brake actuator (s)
TC_BK(1,2) 0.06 , Time constant for R l brake actuator (s)
TC_BK(2,1) 0.06 , Time constant for L2 brake actuator (s)
TC_BK(2,2) 0.06 , Time constant for R2 brake actuator (s)
TLAG_BK(1,I) 0 , Transport time delay for fluid to reach LI brake (s)
TLAG_BK(1,2) 0 , Transport time delay for fluid to reach R l brake (s)
TLAG BK(2,1) 0 ,  Transport time delay for fluid to reach L2 brake (s)
TLAG_BK.(2,2) 0 ,  Transport time delay for fluid to reach R2 brake (s)
TLAG_DM 0 , Lag time used by driver model (s)
TPREV DM 1 , Preview time used by driver model (s)
VLOW ALPHA(1,1) 5 , Min. speed for full lat. relaxation fortire IL (km/h) 
VLOW _ALPHA(l,2) 5 , Min. speed for full lat. relaxation for tire IR (km/h) 
VLOW__ALPHA(2,l) 5 , Min. speed for full lat. relaxation for tire 2L (kmdi)
VLOW ALPHA(2,2) 5 , Min. speed for full lat. relaxation for tire 2R (km/h)
VLOW TW 1 , Speed below  which wheel spin inertia is increased (km/h) 
VLOW_STR_COM P(l) 1.5 , Min. speed for full steering compliance on axle 1 (km/h) 
VLOW STR_COMP(2) 1 .5 , Min. speed for full steering compliance on axle 2 (km/h) 
X _K P0(1,1) 0 , X coord, o f  kingpin at center o f  L w heel, axle 1 (mm)
X_KPO( 1,2) 0 , X  coord, o f  kingpin at center o f  R  wheel, axle 1 (mm)
X  K PO (2,l) 0  , X  coord, o f  kingpin at center o f  L wheel, axle 2 (mm)
X  KPO(2,2) 0 ,  X  coord, o f  kingpin at center o f  R  wheel, axle 2 (mm)
X REF AERO -1345 , X  coord, o f  aerod^am ic ref. pt. (mm)
X_RP(1) 0 , X  coord, o f  reference point 1 (mm)
X RP(IO) 0 , X  coord, o f  reference point 10 (mm)
X  RP(2) 0 ,  X  coord, o f  reference point 2 (mm)
X_RP(3) 0 ,  X  coord, o f  reference point 3 (mm)
X RP(4) 0 ,  X  coord, o f  reference point 4 (mm)
X  RP(5) 0 ,  X  coord, o f  reference point 5 (mm)
X_RP(6) 0 ,  X  coord, o f  reference point 6 (mm)
X_RP(7) 0 , X  coord, o f  reference point 7 (mm)
X_RP(8) 0 ,  X  coord, o f  reference point 8 (mm)
X  RP(9) 0 , X  coord, o f  reference point 9 (mm)
X _S(1) 0 , X  coord, o f  sensor 1 (mm)
X _S(2) 0 ,  X  coord, o f  sensor 2 (mm)
X _S(3) 0 ,  X  coord, o f  sensor 3 (mm)
^„S(4) 0 , X  coord, o f  sensor 4 (mm)
^_S(5) 0 , X  coord, o f  sensor 5 (mm)
Y_CG_PL(1) 0 , Y coordinate o f  CG o f  payload 1 (mm)
Y_CG_PL(2) 0 ,  Y coordinate o f  CG o f  payload 2 (mm)
Y CG PL{3) 0 ,  Y coordinate o f  CG o f  payload 3 (mm)
Y_CG PL(4) 0 , Y coordinate o f  CG o f  payload 4 (mm)
Y CG SU 0 , Y coordinate o f vehicle unladen sprung mass CG (mm)
Y CL SU SP (l) 0 , Y coord, o f  centerline o f  axle 1 (mm)
Y CL_SUSP(2) 0 , Y  coord, o f  centerline o f  axle 2 (mm)
Y REF AERO 0 , Y  coord, o f  aerodynamic ref. pt. (mm)
Y_RP(1) 0 ,  Y  coord, o f  reference point 1 (mm)
Y_RP(10) 0  , Y coord, o f  reference point 10 (mm)
Y RP(2) 0 ,  Y coord, o f  reference point 2 (mm)
Y_RP(3) 0 , Y  coord, o f  reference point 3 (mm)
Y_RP(4) 0 ,  Y coord, o f  reference point 4 (mm)
Y_RP(5) 0  , Y  coord, o f  reference point 5 (mm)
Y_RP(6) 0 ,  Y coord, o f  reference point 6 (mm)
Y_RP(7) 0  , Y  coord, o f  reference point 7 (mm)
Y RP(8) 0  , Y coord, o f  reference point 8 (mm)
Y_RP(9) 0 ,  Y  coord, o f  reference point 9 (mm)
Y_S(1) 0  , Y  coord, o f  sensor 1 (mm)
Y _S(2) 0  , Y  coord, o f  sensor 2 (mm)
Y_S(3) 0 , Y  coord, o f  sensor 3 (mm)
Y_S(4) 0 , Y  coord, o f  sensor 4 (mm)
Y _S(5) 0 ,  Y coord, o f  sensor 5 (mm)
* Suspension camber as a function o f  jounce. Column 1 =  jounce (mm).
* Column 2 = camber (deg). 
lAXLE I , Table ID number 
CAMBER_TABLE
-70, 0.43
-60, 0.44
53
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
University o f  W indsor
-50, 0.42
-40, 0.38
-.W, 0.31
-20, 0.23
-10, 0.13
0, 0
10, -0.15
20, -0.32
30, -0.51
40, -0.72
50, -0.95
60, -1.21
70, -1.49
ENDTABLE
lAXLE 2 , Table
CAMBER TABLE
-70, 0.73
-60, 0.66
-50, 0.58
-40, 0.49
-30, 0.38
-20, 0.27
-10, 0.14
0, 0
10, -0.15
20, -0.32
30, -0.5
40, -0.68
50, -0.89
60, -1.1
70, -1.33
ENDTABLE
* Differential clutch control input vs. total torque applied to both
* output shafts. Column 1 =  torque (N-m). Column 2 =  normalized clutch input
*(- )
IDIFF CLUTCH 1 , Table ID number 
CLUTCH_CONTROL_DIFF_^TABLE 
0, 1 
1000, 1 
ENDTABLE
* Available torque for differential clutch vs. control. Column 1 =
* normalized clutch input (-), Column 2 =  available torque (N-m). 
IDIFF_CLUTCH 1 , Table ID number 
CLUTCH_TORQUE^DIFF_TABLE
0, 0
1, 0
ENDTABLE
* Transmission speed vs. throttle position for downshift. Column 1 =
* throttle position (-). Column 2 =  transmission speed when doAvnshift occurs
* (rpm). Table ID = IGD specifies target for each table (IGD 2 means downshift
* from 3 to 2).
IGD 1 ,  Table ID number
DOWNSHIFT_TRANS_TABLE
0, 352
0.64, 353
0.92, 1536
1, 1537
ENDTABLE
IGD 2 , Table ID number
DOWNSHIFT TRANS_TABLE
0, 640
0.29, 641
0.64, 1000
0.91, 2500
0.92, 3000
1, 3001
ENDTABLE
IGD 3 , Table ID number
DOWNSHIFT_TRANS_TABLE
0, 1016
0.24, 1017
0.64, 1800
0.91, 3904
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0.92, 4516
1, 4517
ENDTABLE
IGD 4 ,  Table ID number 
DOWNSHIFT_TRANS__TABLE
0, 1500
0.24, 1501
0.6, 2800  
0.92, 5500
1, 5501 
ENDTABLE
IGD 5 , Table ID number 
DOWNSHIFT_TRANS_TABLE 
0 , 2000  
I, 6000  
ENDTABLE
IGD 6 , Table ID number 
DOWNSHIFT_TRANS_TABLE
0, 3000
1, 7000 
ENDTABLE
* Suspension damper force (1 side) as a function o f  compression rate.
* Column 1 =  rate (mm/s). Column 2 =  damper force (N). 
lAXLE 1 , Table ID numlrer
FD TABLE
-1410, -5008
-720, -3436
-390, -2324
-210, -1792
-90, -1008
-20, -228
20, 228
90, 596
200, 784
390, 1100
760, 1796
1160, 2560
ENDTABLE
lAXLE 2 ,  Table ID number 
FD TABLE
-1410, -5008
-720, -.3436
-390, -2324
-210, -1792
-90, -1008
-20, -228
20, 228
90, 596
200, 784
390, 1100
760, 1796
1160, 2560
ENDTABLE
* Compression (upper) envelope o f  suspension spring force (I side) as a
* function o f  deflection. Column 1 =  deflection (mm). Column 2 == spring force
" ( N ) .
lAXLE 1 , Table ID number
FS_COMP TABLE
-70, 0
-60, 2200
0, 4000
58, 5740
64, 6487
70, 9771
ENDTABLE
lAXLE 2 ,  Table ID number
FS_COMP TABLE
-90, -1000
-80, -200
20, 2000
80, 3200
100, 5600
110, 10000
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ENDTABLE
* Extension (lower) envelope o f  suspension spring force (1 side) as a
* function o f  deflection. Column 1 = deflection (mm). Column 2 =  spring force
*(N ).
lAXLE 1 ,  Table ID number
FS EXT TABLE
-70, -80
-60, 2120
0, 3920
58, 5660
64, 6407
70, 9691
ENDTABLE
lAXLE 2 , Table ID number
FS EXT TABLE
-90, -1100
-80, -300
20, 1900
80, 3100
100, 5500
110, 9900
ENDTABLE
* Shaping function for X  component o f  aerodynamic force as a function o f
* aerodynamic slip angle. Column 1 =  aerodynamic slip angle (deg). Coliunn 2 =
* shaping function (-).
FX AERO SHAPING TABLE
-90, 0
-84, 0.0112
-78, 0.0435
-72, 0.094
-66, 0.1575
-60, 0.2279
-54, 0.2984
-48, 0.3619
-42, 0.4124
-36, 0.4447
-30, 0.4559
-20, 0.4559
-18, 0.434468
-16, 0.415292
-14, 0.398372
-12, 0.383708
-10, 0.3713
-8, 0.361148
-6, 0.353252
-4, 0.347612
-2, 0.344228
0, 0.3431
2, 0.344228
4, 0.347612
6, 0.353252
8, 0.361148
10, 0.3713
12, 0.383708
14, 0.398372
16, 0.415292
18, 0.434468
20, 0.4559
30, 0.4559
36, 0.4447
42, 0.4124
48, 0.3619
54, 0.2984
60. 0.228
66, 0.1575
72, 0.094
78, 0.0435
84, 0.0112
90, 0
ENDTABLE
* Tire longitudinal force (Fx) as a function o f  vertical load (Fz) and
* longitudinal slip (Kappa). Column 1 =  Kappa (-). Row 1 =  Fz (N). Other cells
* = Fx (N). Top left comer is a placeholder (ignored). 
lAXLE 1
ISIDE 1
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TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
0.007, 291.848, 486.576, 682.922
0.01, 460.963, 768.624, 1078.63
0.02, 951.606, 1578.29, 2197.57
0.05, 2022.79, 3249.34, 4346.21
0.1, 2548.28, 3983.74, 5169.37
0.15, 2607.24, 4042.28, 5199.63
0.2, 2574.91, 3979.2, 5101.28
0.25, 2522.43, 3892, 4981.48
0..I, 2466.9, 3803.03, 4863.32
0.35, 2413.15, 3718.2, 4752.32
0.4, 2362.55, 3638.97, 4649.46
0.45, 2315.34, 3565.41, 4554.39
0.5, 2315.34, 3565.41, 4554.39
ENDTABLE
lAXLE 1 
ISIDE 2
FX TIRE_CARPET 4, columns In table
0 ,“ 2500, 4100, 5800
0.007, 291.848, 486.576, 682.922
0.01, 460.963, 768.624, 1078.63
0.02, 951.606, 1578.29, 2197.57
0.05, 2022.79, 3249.34, 4346.21
0.1, 2548.28, 3983.74, 5169.37
0.15, 2607.24, 4042.28, 5199.63
0.2, 2574.91, 3979.2, 5101.28
0.25, 2522.43, 3892, 4981.48
0.3, 2466.9, 3803.03, 4863.32
0.35, 2413.15, 3718.2, 4752.32
0.4, 2.362.55, 3638.97, 4649.46
0.45, 2315.34, 3565.41, 4554.39
0.5, 2315.34, 3565.41, 4554.39
ENDTABLE
lAXLE 2 
ISIDE I
FX TIRE_ CARPET 4, columns in table
0, 2500, 4100, 5800
0.007, 291.848, 486.576, 682.922
0.01, 460.963, 768.624, 1078.63
0.02, 951.606, 1578.29, 2197.57
0.05, 2022.79, 3249.34, 4346.21
0.1, 2548.28, 3983.74, 5169.37
0.15, 2607.24, 4042.28, 5199.63
0.2, 2574.91, 3979.2, 5101.28
0.25, 2522.43, 3892, 4981.48
0.3, 2466.9, 3803.03, 4863.32
0.35, 2413.15, 3718.2, 4752,32
0.4, 2362.55, 3638.97, 4649.46
0.45, 2315.34, 3565.41, 4554.39
0.5, 2315.34, 3565.41, 4554.39
ENDTABLE
lAXLE 2 
ISIDE 2
FX TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
0.007, 291.848, 486.576, 682.922
0.01, 460.963, 768.624, 1078.63
0.02, 951.606, 1578.29, 2197.57
0.05, 2022.79, 3249.34, 4346.21
O.I, 2548.28, 3983.74, 5169.37
0.15, 2607.24, 4042.28, 5199.63
0.2, 2574.91, 3979.2, 5101.28
0.25, 2522.43, 3892, 4981.48
0.3, 2466.9, 3803.03, 4863.32
0.35, 2413.15, 3718.2, 4752.32
0.4, 2362.55, 3638.97, 4649.46
0.45, 2315.34, 3565.41, 4554.39
0.5, 2315.34, 3565.41, 4554.39
ENDTABLE
* Shaping fimction for Y component o f  aerodynamic force as a function o f
* aerodynamic slip angle. Column I ^ aerodynamic slip angle (deg). Column 2 =
* shaping function (-).
FY_AERO_SHAPING_TABLE
-90, 0
-84, -0.0169
-78, -0.0659
57
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
University o f  W indsor
-72, -0.1422
-66, -0.2384
-60. -0.345
-54, -0.4516
-48, -0.5478
-42, -0.6241
-36, -0.6731
-30, -0.69
-20, -0.69
20, 0.69
30, 0.69
36, 0.6731
42, 0.6241
48, 0.5478
54, 0.4516
60, 0.345
66, 0.2384
72, 0.1422
78, 0.0659
84, 0.0169
90, 0
ENDTABLE
* Tire lateral force (Fy) as a function o f  vertical load (Fz) and
* lateral slip (Alpha). Column 1 =  Alpha (deg). Row 1 =  Fz (N). Other cells =
* Fy (N). Top left comer is  a placeholder (ignored).
lAXLE 1 
ISIDE 1
FY TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
1, 863.7, 1169.2, 1.37.3.6
2.4, 1835, 2579.7, 3094.8
3.7, 2303.1, 3348.1, 4102
5, 2511.9, 3736.2, 4648.9
6.3, 2591.2, 3910.7, 4917.3
7.7, 2607.1, .397.3.9, 5033.7
9, 2590.5, 3971.9, 5054.1
10.3, 2558.9, 3938.8, 5027.6
11.6, 2519.7, .3888.8, 4974.5
13, 2473.2, 3824.6, 4900.3
14.2, 2431.8, 3765, 4828.8
20, 2431.8, 
ENDTABLE
3765, 4828.8
lAXLE 1 
ISIDE 2
FY TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
1, 863.7, 1169.2, 1373.6
2.4, 18.35, 2579.7, 3094.8
3.7, 2.303.1, .3348.1, 4102
5, 2511.9, 3736.2, 4648.9
6.3, 2591.2, 3910.7, 4917.3
7.7, 2607.1, .397.3.9, 50.3.3.7
9, 2590.5, 3971.9, 5054.1
10.3, 2558.9, 3938.8, 5027.6
11.6, 2519.7, 3888.8, 4974.5
13, 2473.2, 3824.6, 4900.3
14.2, 2431.8, 3765, 4828.8
20, 2431.8, 
ENDTABLE
3765, 4828.8
lAXLE 2 
ISIDE 1
FY TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
1, 863.7, 1169.2, 1.373.6
2.4, 1835. 2579.7, .3094.8
3.7, 2303.1, 3348.1, 4102
5, 2511.9, .3736.2, 4648.9
6.3, 2591.2, 3910.7, 4917.3
7.7, 2607.1, 3973.9, 5033.7
9, 2590.5, 3971.9, 5054.1
10.3, 2558.9, 3938.8, 5027.6
11.6, 2519.7, 3888.8, 4974.5
13, 247.3.2, 3824.6, 4900.3
14.2, 2431.8, 3765, 4828.8
20, 24.31.8, 3765, 4828.8
ENDTABLE 
lAXLE 2
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ISIDE 2
FY TIRE CARPET 4, columns in table
0. 2500, 4100, 5800
I, 863.7, 1169.2, 1373.6
2.4, 1835, 2579.7, 3094.8
3.7, 2.303.1, 3348.1, 4102
5, 2511.9, 3736.2, 4648.9
6.3, 2591.2, 3910.7, 4917.3
7.7, 2607.1, 3973.9, 5033.7
9, 2590.5, 3971.9, 5054.1
10.3, 2558.9, 3938.8, 5027.6
11 .6, 2519.7, 3888.8, 4974.5
13, 2473.2, 3824.6, 4900.3
14.2, 2431.8, 3765, 4828.8
20, 2431.8, 3765, 4828.8
ENDTABLE
* Shaping function for Z component o f  aerodynamic force as a function o f
* aerodynamic slip angle. Column 1 =  aerodynamic slip angle (deg). Column 2 =
* shaping function (-).
FZ AERO SHAPING TABLE
-90, 0
-84, 0.0145
-78, 0.0567
-72, 0.1224
-66, 0.2052
-60, 0.297
-54, 0.3888
-48, 0.4716
-42, 0.5373
-36, 0.5795
-30, 0.594
-20, 0.594
-18, 0.51268
-16, 0.43992
-14, 0.37572
-12, 0.32008
-10, 0.273
-8, 0.23448
-6, 0.20452
-4, 0.18312
-2, 0.17028
0, 0.166
2, 0.17028
4. 0.18312
6, 0.20452
8, 0.23448
10, 0.273
12, 0.32008
14, 0.37572
16, 0.43992
18, 0.51268
20, 0.594
30, 0.594
36, 0.5795
42, 0.5373
48, 0.4716
54, 0.3888
60, 0.297
66, 0.2052
72, 0.1224
78, 0.0567
84, 0.0145
90, 0
ENDTABLE
* Transmission gear vs. time (when MODE_TRANS_TABLE = 1). Column 1 =
* time (sec). Column 2 =  gear (-), where [I through 7] are choices for forward
* gears, -1 -> reverse, 0  ->  neutral.
GEAR TRANS^TABLE
0, I
h  1
ENDTABLE
* Inverse o f  torque converter capacity vs. speed ratio o f  torque
* converter output shaft to engine. Column 1 = speed ratio (-). (Ik)lumn 2 =  1 /K
* (SQRT(F*L)/rpm), where IC =  torque converter capacity (K = ipm/SQRT(F*L)). 
INV_CAP_TC_TABLE
0, 0.003195
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0.5325,
0.5555,
0.567,
0.5785
0.59,
0.6015,
0.613,
0.6245,
0.636,
0.6705,
0.705,
0.7395,
0.774,
0.8085,
0.843,
0.8775,
0.912,
0.95225,
0.98675,
0.9935,
0.99975,
1,
ENDTABLE
0.003195
0.00319
0.003185
0.003178
0.003169
0.003157
0.003144
0.00313
0.003113
0.003049
0.002966
0.002861
0.002732
0.002575
0.002385
0.002153
0.001863
0.001405
0.000428
0.00021
8e-06
0
•  Tire inclination stilfness vs. dynamic tire load. Column 1 = Tire load
• (N). Column 2 = dFy/dGamma (N/deg). 
lAXLE 1
ISIDE I
KGAMMA_TABLE 
0, -60  
5000, -60
ENDTABLE
lAXLE 1 
ISIDE 2
KGAMMA TABLE 
0, -60
5000, -60
ENDTABLE
lAXLE 2 
ISIDE 1
KGAMMA^TABLE 
0, -60
5000, -60
ENDTABLE
lAXLE 2 
ISIDE 2
KGAMMA_TABLE  
0, -60
5000, -60
ENDTABLE
* Target lateral offset (+ -> left, - -> right) as function o f  path
* station. This offset is combined with the path input (X , Y coordinates) to
* produce a modified target path that the driver model attempts to follow  by
* steering the vehicle. Column 1 =  path station (m). Column 2 =  lateral offset
* (m).
LTARG_^TABLE 
0 , 0
L 0
ENDTABLE
* Engine torque applied to crankshaft by pistons as a function o f
* throttle position and engine speed. Column 1 =  engine speed (rpm). Row 1 -
* throttle position (-). Other columns = engine torque (N-m). Top left comer
* is a placeholder (ignored).
MENGINE CARPET 12, columns in table
0, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1
600, 19, 44, 63, 81, 122, 138, 147, 153, 158, 159, 163
1000, 0, 38, 63, 88, 124, 144, 153, 162, 169, 172, 179
2000, -16, 19, 59, 88, 125, 148, 163, 175, 188, 195, 203
3000, -25, 10, 50, 81, 125, 150, 172, 181, 194, 203, 213
4000, -28, -3, 34, 78, 119, 147, 169, 184, 200, 213, 220
4500, -29, -9, 25, 69, 111, 141, 163, 178, 200, 216, 226
5000, -30, -13, 16, 50, 97, 128, 151, 172, 188, 203, 222
6000, -31, -19, -3, 25, 63, 94, 119, 141, 153, 172, 188
6200, -31, -22, -6, 16, 50, 78, 106, 125, 144, 163, 175
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6500, -31, -19, -13, -13, -13, -13, -13, -13, -13, -13,
ENDTABLE
* Transmission mode vs. time. Column 1 =  time (s). Column 2 =
* transmission mode (-): -1 ->  reverse, 0 -> neutral, 1 ->  manual (using
* GEAR TRANS TABLE), 2 through 7 ->  automatic, using gears 1 up to specified
* limit
MODB_TRANS_TABLE 
0, 4
10, 4
ENDTABLE
* Tire/road friction coefficient (M U) as a function o f  station (S) and
* lateral distance from the road centerline (L).Column I =  Station S (m). Row 1
* =  Lateral coordinate L (m). Other cells =  M U (-). Use MU =  -1 for original
* tire data (no scaling). Top left comer is a placeholder (ignored). 
MU_ROAD_CARPET 3, columns in table
0, 0 , 1
0, 0.85, 0.85
1, 0.85, 0.85
ENDTABLE
'' Shaping fimction for X  component o f  aerodynamic moment as a function 
* o f  aerodynamic slip angle. Column 1 — aerodynamic slip angle (deg). Column 2 
‘ = shaping fimction (-).
MX AERO SHAPING TABLE
-90, 0
-84, -0.0038
-78, -0.0147
-72, -0.0317
-66, -0.0532
-60, -0.077
-54, -0.1008
-48, -0.1223
-42, -0.1393
-36, -0.1502
-30, -0.154
-20, -0.154
20, 0.154
30, 0.154
36, 0.1502
42, 0.1393
48, 0.1223
54, 0.1008
60, 0.077
66, 0.0532
72, 0.0317
78, 0.0147
84, 0.0038
90, 0
* Auxiliary roll moment (exerted on axle) as a fimction o f  axle roll
* (relative to sprung mass) and static axle load (at ground). Column 1 =
* relative axle roll (deg). Row I =  static axle load (N). Other cells =
* auxiliary roll moment (N-m). Top left comer is a placeholder (ignored). 
lAXLE 1 , Table ID number
MX A U X  CARPET 3, columns in table
0, 0, 1000
0, 0, 0
1, 384, 384
ENDTABLE
lAXLE 2 , Table ID number 
MX_AUX_CARPET 3, columns in table 
0 , 0 , 1000
0 , 0 , 0
1, 344, 344
ENDTABLE
* Shaping fimction for Y  component o f  aerodynamic moment as a function
* o f  aerodynamic slip angle. Column 1 =  aerodynamic slip angle (deg). Column 2
* = shaping function (-).
MY_AERO_SHAPING_TABLE
-90, 0
-84, 0.0044
-78, 0.0172
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-72, 0.0371
-66, 0.0622
-60, 0,09
-54, 0.1178
-48, 0.1429
-42, 0.1628
-36, 0.1756
-30, 0.18
-20, 0.18001
-18, 0.165844
-16, 0.153168
-14, 0.141984
-12, 0.132292
-10, 0.12409
-8, 0.11738
-6, 0.11216
-4, 0.108432
-2, 0.106196
0, 0.10545
2, 0.106196
4, 0.108432
6, 0.11216
8, 0.11738
10, 0.12409
12, 0.132292
14, 0.141984
16, 0.153168
18, 0.165844
20, 0.18001
30, 0.18
36, 0.1756
42, 0.1628
48, 0.1429
54, 0.1178
60, 0.09
66, 0.0622
72, 0.0371
78, 0.0172
84, 0.0044
90, 0
ENDTABLE
* Brake torque at wheel as a function o f  chamber/cylinder pressure and
* initial forward speed. Column 1 = chamber/cylinder pressure (MPa). Row 1 =
* initial forward speed (km/h). Other cells =  brake torque (N-m). Top left
* comer is a placeholder (ignored). 
lAXLE 1
ISIDE 1
MY BRAKE CARPET 3, columns in table
0, 50, 100
0, 0, 0
1, 300, 300
ENDTABLE
lAXLE 1 
ISIDE 2
MY BRAKE CARPET 3, columns in table
0, 50, 100
0, 0, 0
1, 300, 300
ENDTABLE
lAXLE 2 
ISIDE 1
MY BRAKE CARPET 3, columns in table
0, 50, 100
0, 0, 0
1, 200, 200
ENDTABLE
lAXLE 2
ISIDE 2
MY BRAKE CARPET 3, columns in table
0, 50, 100
0, 0, 0
1, 200, 200
ENDTABLE
Shaping function for Z component o f  aerodynamic moment as a function 
" o f  aerodynamic slip angle. Column 1 =  aerodynamic slip angle (deg). Column 2
62
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
University o f  W indsor
* = shaping function {-).
MZ AERO SHAPING TABLE
-90, 0
-84, -0.0045
-78, -0.0175
-72, -0.0378
-66, -0.0634
-60, -0.0918
-54, -0.1202
-48, -0.1458
-42, -0.1661
-36, -0.1791
-30, -0.1836
-20, -0.1836
20, 0.1836
30, 0.1836
36. 0 .I79I
42, 0.1651
48, 0.1458
54, 0.1202
60, 0.0918
66, 0.0634
72, 0.0378
78, 0.0175
84, 0.0045
90, 0
ENDTABLE
* Tire aligning moment (M z) as a function o f  vertical load (Fz) and
* lateral slip (Alpha). Column 1 =  Alpha (deg). Row 1 = Fz (N). Other cells =
* M z (N-m). Top left comer is a placeholder (ignored). 
lAXLE 1
ISIDE 1
MZ TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
1, 13.9231, 32.0987, 53.4606
2.4, 21.7546, 54.6761, 95.5255
3.7, 19.1791, 52.8453, 97.5123
5, 14.248, 42.3973, 82.1569
6.3, 10.0405, 31.6462, 63.7421
7.7, 6.85269, 22.5755, 46.9057
9, 4.8756, 16.5394, 35.1008
10.3, 3.53788, 12.2616, 26.4387
11.6, 2.6204, 9.22817, 20.1389
13, 1.93818, 6.91466, 15.2.399
14.2, 1.52132, 5.47433, 12.1455
24, 0, 0, 0
25, 0, 
ENDTABLE
0, 0
lAXLE 1 
ISIDE 2
MZ TIRE_CARPET 4, columns in table
0, 2500, 4100, 5800
1, 13.9231, 32.0987, 53.4606
2.4, 21.7546, 54.6761, 95.5255
3.7, 19.1791, 52.8453, 97.5123
5, 14.248, 42..3973, 82.1569
6.3, 10.0405, 31.6462, 63.7421
7.7, 6.85269, 22.5755, 46.9057
9, 4.8756, 16.5394, 35.1008
10.3, 3.53788, 12.2616, 26.4387
11.6, 2.6204, 9.22817, 20.1389
13, 1.93818, 6.91466, 15.2399
14.2, 1.52132, 5.47433, 12.1455
24. 0, 0, 0
25, 0, 
ENDTABLE
0, 0
lAXLE 2 
ISIDE 1
MZ T1RE_CARPET 4, columns in table
0, 2500, 4100, 5800
1, 13.9231, 32.0987, 53.4606
2.4, 21.7546, 54.6761, 95.5255
3.7, 19.1791, 52.8453, 97.5123
5, 14.248, 42.3973, 82.1569
6.3, 10.0405, 31.6462, 63.7421
7.7, 6.85269, 22.5755, 46.9057
9, 4.8756, 16.5394, 35.1008
10.3, 3.53788, 12.2616, 26.4387
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11.6, 2.6204, 9.22817, 20.1389
13, 1.93818, 6.91466, 15.2399
14.2. 1.52132, 5.47433, 12.1455
24, 0, 0, 0
25, 0, 0, 0
ENDTABLE
lAXLE 2 
ISIDE 2
MZ TIRE CARPET 4, columns in table
0, 2500, 4100, 5800
1, 13.9231, 32.0987, 53.4606
2.4, 21.7546, 54.6761, 95.5255
3.7, 19.1791, 52.8453, 97.5123
5, 14.248, 42.3973, 82.1569
6.3, 10.0405, 31.6462, 63.7421
7.7, 6.85269, 22.5755, 46.9057
9, 4.8756, 16.5394, 35.1008
10.3, 3.53788, 12.2616, 26.4387
11.6, 2.6204, 9.22817, 20.1389
13, 1.93818, 6.91466, 15.2,399
14.2, 1.52132, 5.47433, 12.1455
24, 0, 0, 0
25, 0, 0, 0
ENDTABLE
* Torque difference vs. speed difference o f  the front differential.
* Column I =  speed difference (rpm). Column 2 = torque difference (N-m). The
* speed and torque differences aie (left half-shaft) - (right half-shaft). 
M_DIFF_FD_TABLE
0 , 0
1, 0
ENDTABLE
* Steering wheel torque. Column 1 = total steering torque about kingpin
* axes o f  both front w heels (N-m). Row 1 = vehicle speed (km/h). Other cells =
* torque at steering wheel (N-m). Top left comer is a placeholder (ignored).
M  SW  CA RPET 3, colum ns in  table
0 , 0 , 200
0, 0 , 0
16, 1, 1 
ENDTABLE
* Brake control pressure as a ftinction o f  time. Column I =  time (s).
* Column 2 = brake pressure (MPa).
P B K C O N T A B L E
0 , 0
10, 0
ENDTABLE
* Brake chamber/cylinder delivery pressure as a function o f  line
* (supply) pressure and dynamic wheel load (at ground). Column 1 = line
* pressure (MPa). Row 1 =  dynamic wheel load (N). Other cells =  brake
* chamber/cyUnder delivery pressure (MPa). Top left comer is a placeholder
* (ignored). 
lAXLE 1 
ISIDE 1
PBK DL CARPET 4, columns in table
0, 25000, 50000, 75000
0 , 0 , 0 , 0
1, 0, 0, 0
ENDTABLE
lAXLE 1 
ISIDE 2
PBFC DL CARPET 4, columns in table
0, 25000, 50000, 75000
0 , 0 , 0 , 0
1, 0 , 0 , 0
ENDTABLE
lAXLE 2 
ISIDE 1
PBK DL CARPET 4, columns in table
0, 25000, 50000, 75000
0, 0 , 0, 0
1, 0 , 0 , 0
ENDTABLE
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lAXLE 2 
ISIDE 2
PBK DL CARPET 4, columns In table
75000
0 
0
ENDTABLE
0, 25000, 50000,
0, 0, 0,
1, 0, 0,
* Torque converter output to input torque ratio vs. speed ratio o f
* torque converter output shaft to engine. Column 1 =  speed ratio (-). Column
* 2 ^ torque ratio (-).
RM TC TABLE
0, 1.864
0.102, 1.78
0.202, 1.701
0.306, 1.608
0.353, 1.56
0.4, 1.519
0.452, 1.464
0.502, 1.412
0.551, 1.356
0.6, 1.309
0.65, 1.259
0.7, 1.203
0.75, 1.151
0.801, 1.098
0.82, 1.074
0.84, 1.048
0.849, 1.041
0.861, 1.027
0.87, 1.014
0.881, 0.996
0.89, 0.996
0.9, 0.993
0.91, 0.998
0.921, 0.986
0.928, 0.993
0.94, 0.996
0.951, 0.981
* Road elevation relative to centerline as a function o f  station and
♦ lateral position (increases to the right when looking back toward station 0).
* Column 1 = Station (m). Row 1 =  Lateral position (m). Other cells =  dZ(S, L)
♦ (m). Top left corner is a placeholder (ignored).
ROAD DZ CARPET 3, columns in table
0, -10, 10
0, 0 , 0
1000, 0 , 0 
ENDTABLE
* Road elevation at centerline as a function o f  station. Column 1 =
* station (m). Column 2 =  elevation (m). Values aie interpolated using a spline
* with extrapolation o f  slope outside the range o f  the table.
ROAD_ZS_TABLE 
- 100, 0
50, 0
100, 0
ENDTABLE
* Rear-wheel steering gain due to speed. Column 1 = speed (km/h).
* Column 2 = ratio: [rear steer control]/[driver steer control].
* This ratio is multiplied with the inverse gear ratio and nonlinear
* kinematical gain to determine the l oad-wheel steer witliout
* compliance effects.
R_STEER_SPEED_TABLE
0 , 0
5, 0
ENDTABLE
* Speed controller target speed as a function o f  time. Column 1 =  time
* (s). Column 2 =  forward speed (km/h).
SPEED_TIME_TABLE
0 , 0
10, 30
50, 30
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ENDTABLE
* Steer o f  each wheel on an axle as a function o f  the total kingpin
* steering moment from both w heels on the axle, MINUS steering due to
* suspension compliance. Column I =  total (L +  R) moment (N-m). Column 2 =
* steer angle (same for each wheel) (deg).
I AXLE i , Table ID number
STEER_COMP TABLE
0 , 0
1, 0.0005
ENDTABLE
lAXLE 2 , Table ID number 
STEER_COMP^TABLE 
0, 0
1, 0.0005
ENDTABLE
* Nonlinear steering system kinematics. Column 1 =  geared-down steering
* control input (deg). Column 2 =  steer angle at the road wheel (deg).
lAXLE 1
ISIDE 1
STEER KIN TABLE
-22.67, -21.46
-19.83, -18.91
-17, -16.32
-14.17, -13.7
-11.33, -11.03
-8.5, -8.33
-5.67, -5.59
-2.83, -2.81
0, 0
2.83, 2.85
5,67, 5.74
8.5, 8.67
11.33, 11.63
14.17, 14.64
17, 17.68
19.83, 20.75
22.67, 23.87
ENDTABLE
lAXLE 1
ISIDE 2
STEER KIN TABLE
-22.42, -23.58
-19.62, -20.51
-16.81, -17.47
-14.01, -14.47
-11.21, -11.5
-8.41, -8.57
-5.6, -5.68
-2.8, -2.82
0, 0
2.8, 2.78
5.6, 5.53
8.41, 8.24
11.21, 10.92
14.01, 13.56
16.81, 16.16
19.62, 18.72
22.42, 21.25
ENDTABLE
lAXLE 2
ISIDE I
STEER KIN TABLE
-1, -1
1, 1
ENDTABLE
lAXLE 2
ISIDE 2
STEER_KIN TABLE 
-1, -I
I, 1
ENDTABLE
* Throttle input (normalized) vs. time. Column 1 = time (s). Column 2 =
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* normalized throttle input (-) 
THROTTLE ENGINE TABLE
0, 0
0.1, 1
32, 1
32.1, 0
45, 0
45.1, 0.5
80, 0.5
80.1, 0
90, 0
90.1, 1
100, 1
100.1, 0
120, 0
ENDTABLE
* Suspension toe as a
* 2 = toe (deg).
lAXLE 1 , Table 1
TOE TABLE
-70, 1.06
-60, 0.83
-50, 0.61
-40, 0.43
-30, 0.27
-20, 0.14
-10, 0.03
0, -0.05
10, -0.1
20, -0.13
30, -0.14
40, -0.11
50, -0.06
60, 0.01
70, 0.12
ENDTABLE
lAXLE 2 , T able:
TOE TABLE
-60, -0.2
-50, -0.13
-40, -0.06
-30, 0.01
-20, 0.07
-10, 0.14
0, 0.2
10, 0.26
20, 0.32
30, 0.38
40, 0.43
50, 0.49
60, 0.54
70, 0.59
ENDTABLE
* Transmission speed vs. throttle position for upshift Column 1 =
* throttle position (-). Coliunn 2 = transmission speed when upshift occurs
* (rpm). Table ID ^ IGU specifies target for each table (IGU 2 means upshift
* from 2 to 3).
IGU 1 , Table ID number 
UPSHIFT TRANS TABLE
0, 416
0.06, 417
0.26, 832
0.86, 1600
1, 1600
ENDTABLE
IGU 2 ,  Table ID nmnber 
UPSHIFT_TRANS_TABLE
0, 736
0.09. 737
0.86, 3000
1, 3000  
ENDTABLE
IGU 3 ,  Table ID number 
UPSHIFT_TRANS_TABLE 
0, 1312
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0.14, 1313
0.29, 2208
0.86, 4600
1, 4600
ENDTABLE
IGU 4 , Table ID number 
UPSHIFT TRANS TABLE
0, 1900
0.14, 1900
0.3, 3000
0.86, 5700
0.87, 6000
1, 6000
ENDTABLE
IGU 5 ,  Table ID number 
UPSHIFT_TRANS_TABLE 
0, 2000 
1, 7000
ENDTABLE
IGU 6 , Table ID number 
UPSHIFT TRANS_TABLE
0, 3000
1, 8000 
ENDTABLE
* Heading (yaw) angle o f  wind relative to ground as a function o f  time.
* Column 1 = time (sec). Column 2 =  heading angle (deg). When vehicle yaw is
* zero, then 0 deg -> tailwind, 90 deg -> from right, 180 deg ->  headwind.
WIND_HEADING_^TABLE 
0, 0
1, 0
ENDTABLE
* Wind speed relative to ground as a function o f  time. Column 1 = time
* (sec). Column 2 =  wind speed (km/h).
WIND_SPEED_TABLE
0, 0
1, 0
ENDTABLE
* Design path that defines horizontal road geometry.
* Column 1 =  input X coordinates, column 2 =  input Y  coordinates,
* column 3 = calculated station S. A ll units are m 
Y1N_TABLE
0 .0000 , 0 .0000 , 0.0000
50.0000, 0.0000, 50.0000
100 .0000 , 0 .0000 , 100.0000 
ENDTABLE
* EXTERNAL INCREMENTAL INPUT VARIABLES IMPORTED FOR THIS RUN
IMP PBR LI 0 , #1 (inp[112]): LI brake chamber pressure (MPa)
IMP PBK R1 0 , #2 (inpfl 14]): R1 brake chamber pressure (MPa)
IMP PBK L2 0 , #3 (inpfl 13]): L2 brake chamber pressure (MPa)
IMP_PBK._R2 0 ,  #4 (inp[ 115]): R2 brake chamber pressure (MPa)
* OUTPUT VARIABLES EXPORTED FOR THIS RUN
EXP VX LI 0 , #1 (out[364]): Vx (equivalent), LI wheel (km/h)
EXP_VX_R1 0 , #2 (out[366]): V x (equivalent), R1 wheel (km/h)
EXP_VX_L2 0 , #3 (out[365]): Vx (equivalent), L2 wheel (km/h)
EX P_VX_R2 0 , M  (out[367]): Vx (equivalent), R2 w heel (km/li)
EXP_VX 0 , #5 (out[350]); Longitudinal speed, vehicle (km/h) 
EXP_PBK_CON 0 , #6 (out[293]>: Brake control input (MPa)
EXP_M TRANS 23.426976 , #7 (out[280]): Trans, output shaft torque (N-m)
END
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